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A common organizational feature of any nervous system is the existence of groups of 
neurons that share a set of common traits but that can be further divided into individual neuron 
types and subtypes. Understanding the mechanistic basis of neuron type and subtype 
diversification processes will constitute a major step toward understanding brain development 
and evolution. In this dissertation, I have explored the mechanistic basis for the specification of 
motor neuron classes in the nematode C. elegans which serves as a paradigm for neuron 
diversification processes. Cholinergic motor neurons in the C. elegans ventral nerve cord share 
common traits, but are also comprised of many distinct classes, each characterized by unique 
patterns of effector gene expression (e.g. motor neuron class-specific ion channels, signaling 
molecules, and neurotransmitter receptors). Both the common as well as class-specific traits are 
directly activated by the terminal selector of cholinergic motor neuron identity, the EBF/COE-
like transcription factor UNC-3. Via forward genetic screens to identify mutants that are 
defective in class specification, I have discovered that the diversification of UNC-3/EBF-
dependent cholinergic motor neurons is controlled by distinct sets of phylogenetically conserved, 
motor neuron class-specific transcriptional repressors. One such repressor is in fact a novel gene 
previously uncharacterized in C. elegans or any nervous systems and is now named bnc-1. By 
molecularly dissecting the cis-regulatory region of effector genes, I found that the repressor 
  
proteins prevent UNC-3/EBF from activating class-specific effector genes in specific motor 
neuron subsets via discrete binding sites that are adjacent to those of UNC-3/EBF. And by using 
CRISPR/Cas9-mediated genome engineering to tag repressor proteins with inducible degrons, I 
demonstrate that these repressors share the important feature of being continuously required 
throughout the life of the animal to counteract, in a class-specific manner, the function of the 
UNC-3/EBF terminal selector that is active in all motor neuron classes. I propose that the 
strategy of antagonizing the activity of broadly acting terminal selectors of neuron identity in a 
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Underlying our every sense, move, thought, and emotion is an intricate connection of 
neurons that make up the nervous system. It is thus no wonder that the nervous system is the 
most complex structure in our body, as reflected by its estimated composition of roughly 10
11
 




 synapses (www.bionumbers.hms.harvard.edu). 
These billions of neurons exist in a myriad of morphologies, allowing them to be distinguished 
from one another, as was first appreciated by Ramon y Cajal more than a century ago. 
Subsequently, scientists have further defined neuronal diversity based on connectivity, 
electrophysiology, and in more recent years, molecular profile. It is these differential molecular 
expressions that confer upon neurons their different forms and functions. 
For as long as scientists have marveled at the multitudes of neuron types, so have they 
wondered how such diversity is generated. To that end, neurobiologists have turned to studying 
the development of various subsystems of the brain that possess high neuronal diversity, e.g. 
motor neurons in the ventral nerve cord, retinal neurons in the eye, and cortical neurons in the 
cerebrum (reviewed in Greig et al., 2013; Stifani, 2014; Stenkamp, 2015). Such studies have 
revealed core principles that shape the nervous system during early development such as the 
establishment of extrinsic morphogen gradients which define intrinsic combinatorial codes of 
transcription factors in a domain-specific manner. Subsequently, these transcription factors could 
cross-repress each other to sharpen their expression domain boundaries before switching on 
downstream developmental programs that specify the corresponding neuron type while blocking 




 Progressing through a neuron type developmental program towards terminal 
differentiation, less is known about how final neuronal fate is specified and maintained 
throughout the lifespan of an organism. The latter is often overlooked but is in fact a crucial 
aspect of neuronal identity specification since almost all neurons generated during development 
are not replaced and will serve their function for life. Within the last decade or so, it has been 
demonstrated that a special class of transcription factors coordinately and directly activates 
unique suites of effector genes (referred to as “structural genes” in the classic gene regulatory 
literature of Jacob and Monod (1961)) whose molecular products confer function and identity 
upon individual neuron types. Termed “terminal selectors”, these regulatory factors are 
continuously expressed in order to faithfully maintain the specific fates of different neuron types 
across the lifetime of an animal (reviewed in Deneris and Hobert, 2014; Hobert, 2016).  
 Neurons whose terminal differentiation is controlled by a distinct terminal selector can be 
defined to be of the same type by the suite of effector genes they commonly express. However, 
upon further scrutiny, it is evident that such groups of neurons are actually composed of many 
different subtypes as determined by unique subtype traits based on morphology, connectivity, 
electrophysiology, and molecular profile. These subtype traits are often times controlled by the 
same terminal selector that determines the shared features as well. An interesting mode of neuron 
subtype specification can thus be generalized where a common factor specifies a group of 
neurons with shared features, but also acts to diversify the same group of neurons into individual 
subtypes. Such a diversification strategy contributes to the complexity of the nervous system 
allowing it to perform increasingly complicated tasks. 
 In this chapter, I will first introduce the fundamental concepts of a terminal selector 




exemplify the abovementioned mode of neuron subtype specification as mediated by terminal 
selectors. I will then proceed to state the gap in our knowledge of such diversification processes 






1.1  Fundamental concepts of a terminal selector 
All fully differentiated neurons of a particular type are defined by their shared expression 
of a unique combination of terminal effector genes. Protein products of effector genes can be 
thought of as the “nuts and bolts” which enable a neuron to function as is intended, and as such 
are intrinsic to the identity of the neuron type. Examples of such genes include those encoding 
neurotransmitter-synthesizing enzymes, neurotransmitter receptors, ion channels, neuropeptides, 
and signaling molecules. Similarly, subsets of neurons of a specific type forming different 
subtypes are each characterized by the expression of distinct combinations of subtype-specific 
effector genes. Overlain onto the shared neuron type identity, these subtype-specific gene 
profiles are responsible for conferring various subtype-specific functional features to an 
otherwise identical population of neurons – diversifying the group in such a process (reviewed in 
Hobert, 2016).    
 How is the expression of terminal effector genes and, by extension, neuron type identity 
controlled? Previous work performed in C. elegans and mouse models has shown that the 
terminal features of many different neuron types are regulated by terminal selectors (Figure 1). 
A terminal selector is a transcription factor that co-regulates the expression of a battery of 
effector genes crucial for the proper functioning of a specific type of neurons. Genetic analyses 
have revealed that in terminal selector gene mutants, the expression of effector genes of the 
corresponding neuron type is lost, often accompanied by defects in morphology, connectivity, 
neurotransmission, and electrophysiology. However, such mutations do not affect the neuronal 
generation or the expression of pan-neuronal genes of the neuron type. Pan-neuronal genes 
govern general features that are shared by all neurons such as synaptic vesicle biology and 




specifies neuron type identity is also responsible for the co-regulation of the expression of 
subtype-specific effector genes (reviewed in Hobert, 2011, 2016).  
 Co-regulation is achieved by the terminal selector directly binding to the same DNA 
sequence motif present within the respective cis-regulatory regions of the neuron type and 
subtype effector genes, thereby driving their coordinated expression. This has been demonstrated 
extensively in C. elegans where the sequence mutation of such binding motifs in the promoter 
regions of terminal selector-dependent genes causes these genes to lose expression in neurons 
where the cognate terminal selector exerts its function. Complementing such results, in mice, 
chromatin immunoprecipitation (ChIP) of terminal selector proteins from a specific neuron type 
reveals the direct binding of the terminal selector to the cis-regulatory regions of the suite of 
effector genes that define the identity of that particular neuron type. The binding motif sequence 
of some terminal selectors is well conserved across phylogeny which could hint at their 
conserved terminal selector role as well (reviewed in Hobert, 2011, 2016). 
 The majority of neurons which are born during development will remain for the entire 
lifetime of an animal and never be replaced. It is therefore of utmost importance that expression 
of the terminal effector gene battery is always maintained in order to ensure that neurons are able 
to continuously perform their tasks effectively. Terminal selectors fulfill this maintenance role as 
they themselves are constitutively expressed and constantly required to turn on their targets post-
development. This has been amply illustrated in both C. elegans and mice where the removal of 
terminal selector proteins after development, when the corresponding neuron type has matured, 
causes the loss in expression of terminal effector genes. Many terminal selectors bind to their 
cognate binding motif found within the cis-regulatory region of their own genes, thus achieving 




initiation of terminal selector gene expression is likely effected by transiently acting factors 
during early neuronal development before the auto-regulatory mechanism kicks in when the 
neuron terminally differentiates (reviewed in Deneris and Hobert, 2014). 
 The expression domain of a terminal selector is often quite restricted as the neuron type 
that it specifies is usually a small neuronal population relative to the entire nervous system. It is 
hypothesized that the combined effect of the intersectional expression of multiple transiently 
acting initiation factors is what activates a terminal selector in a spatially specific manner. This 
postulate creates an hourglass-shaped regulatory model of neuron type terminal selection where 
multiple inputs of transient factors funnel into the activation of the terminal selector before the 
latter fans out to coordinately target the suite of terminal effector genes downstream. Further 
increasing the specificity of terminal selector function, certain neuron types are specified via the 
synergistic effect of two or more terminal selectors whose respective expression patterns 
intersect in a more restricted domain. Effector genes containing all cognate binding motifs will 
serve as targets of these terminal selectors. Examples of such a regulatory mechanism have been 
well documented particularly in C. elegans and it has been hypothesized that many other if not 
all terminal selectors work in this fashion – giving rise to a combinatorial code of terminal 
selectors specifying different neuron types (reviewed in Hobert, 2016). 
Having described the concept of terminal selectors controlling neuronal identity, I will 
next explore four neuron types which beautifully exemplify this paradigm: three in vertebrates, 
namely the dopaminergic, serotonergic, and glutamatergic photoreceptor neurons, and one in C. 
elegans – the cholinergic motor neurons. Specifically, I will detail how neurons of each of these 
types share a common identity but also consist of multiple finer subtypes where the defining type 





Figure 1: Key features of a terminal selector 
Terminal selectors control neuron type-specific identity features that assign a unique identity to a 
neuron via direct co-regulation of terminal effector genes. Sustained expression of terminal 





1.2 Dopaminergic neurons in the midbrain 
 Dopaminergic neurons in the mammalian brain are organized into 10 discrete clusters 
classically named A8 to A17. Localized in the midbrain, A8 to A10 correspond closely to, 
respectively, the retrorubral field (RRF), the substantia nigra pars compacta (SNc), and the 
ventral tegmental area (VTA); whereas within the forebrain, A11 to A14 are found in the 
hypothalamus, A15 and A16 form part of the olfactory system, and A17 is localized in the retina. 
The defining feature of all dopaminergic neurons is of course the ability to utilize dopamine as a 
neurotransmitter. This is achieved by their shared expression of the rate-limiting enzyme TH 
(tyrosine hydroxylase) that converts tyrosine to levodopa (L-DOPA), AADC (aromatic L-amino 
acid decarboxylase) that converts L-DOPA to dopamine, VMAT2 (vesicular monoamine 
transporter 2) that packages dopamine into synaptic vesicles, and DAT (dopamine transporter) 
that reuptakes from the synaptic cleft released dopamine either to be degraded by MAO 
(monoamine oxidase) or reused later (reviewed in Blaess and Ang, 2015). 
 Roughly 75% of brain dopaminergic neurons are generated from progenitor cells in the 
embryonic ventral midbrain and they constitute the adult midbrain dopaminergic system which 
has been intensely studied due to its implication in multiple neurological disorders. The 
aforementioned midbrain nuclei, SNc and VTA, can be anatomically subdivided into, 
respectively, four (lateral, medial, dorsal, and ventral) and two (dorsolateral and ventromedial) 
subnuclei. Dopaminergic neurons of the SNc and the lateral subpopulation of the dorsolateral 
VTA axonally project to the caudate nucleus and putamen of the dorsal striatum (mesostriatal 
pathway) where they regulate voluntary movement; their degeneration manifests as the motor 
defects characterizing Parkinson’s disease. The remaining medial subpopulation of dorsolateral 




ventromedial VTA dopaminergic neurons connect to the medial part of the NAc and the 
prefrontal cortex (PFC) (mesocorticolimbic pathway). The mesocorticolimbic pathway regulates 
attention, decision making, working memory, and reward behavior; and dopaminergic 
dysfunction in this pathway has been implicated in attention deficit hyperactivity disorder 
(ADHD), depression, schizophrenia, and drug addiction (reviewed in Bodea and Blaess, 2015). 
Considering their extensive connectivity and varied neural functions, scientists have long 
believed that midbrain dopaminergic neurons are not homogenous in identity and could in fact 
consist of many different subtypes. Supporting this notion is research documenting the existence 
of subpopulations of dopaminergic neurons with differential electrophysiological properties. For 
example, by unbiasedly sampling more than 300 dopaminergic neurons in the postnatal murine 
midbrain, Neuhoff et al. (2002) reported that four subgroups of anatomically and 
neurochemically defined dopaminergic neurons displayed significant electrophysiological 
variations. Several subsequent studies further showed that subpopulations of dopaminergic 
neurons with specific axonal projections exhibit distinct electrophysiological profiles. Notably, 
Lammel et al. (2008) used retrograde tracing followed by electrophysiological recordings to 
demonstrate that in contrast to dopaminergic neurons of the dorsolateral VTA projecting to the 
lateral part of the NAc, those of the ventromedial VTA projecting to the medial PFC, the medial 
part of the NAc, and the basolateral amygdala possess the ability to fire at higher frequencies 
persistently with action potentials that have smaller afterhyperpolarizations (reviewed in Roeper, 
2013). 
 Many of the studies mentioned above have also shown that, mediating the differential 
electrophysiological properties of dopaminergic neurons, are differential expression patterns of 




molecular heterogeneities even within distinct midbrain anatomical substructures have been 
observed repeatedly and used heuristically to define dopaminergic neuron subtypes. For instance, 
CALB1 (calbindin 1, 28kDa), a calcium binding protein believed to buffer intracellular calcium 
levels, is expressed widely in dopaminergic neurons of the VTA, partially in the dorsal SNc, but 
not in the ventral SNc. Similarly, ALDH1A1 (aldehyde dehydrogenase 1 family, member A1), 
an enzyme that oxidizes a potentially neurotoxic dopamine metabolite, is only expressed in 
subpopulations of dopaminergic neurons of both the ventral SNc and ventral VTA (reviewed in 
Anderegg et al., 2015). If viewed together in a combinatorial fashion with many other 
differentially expressed molecules, it would be possible to more precisely and granularly define 
subtypes of dopaminergic neurons based on unique molecular profiles. With such a goal in mind, 
Poulin et al. (2014) isolated midbrain dopaminergic neurons from postnatal mice in an 
anatomically unbiased manner and performed single-cell molecular profiling by using 
quantitative polymerase chain reaction (qPCR) to probe the expression level of 96 individual 
genes. These genes were selected since their expression and function in the midbrain 
dopaminergic system have been previously studied and reported. Analysis of the expression 
profiles via hierarchical clustering revealed two main dopaminergic neuron subtypes which 
could be further subdivided into six subtypes (1A, 1B, 2A, 2B, 2C, and 2D). Ensuing in situ 
expression pattern analyses as well as prior published data suggested that the two main subtypes 
are localized, respectively, in the SNc and VTA while their finer subdivisions occupy somewhat 
specific subregions of these two midbrain nuclei. As represented in Figure 2, despite sharing 
common effector genes such as those of the dopamine biosynthetic pathway (e.g. Th, Vmat2, and 
Dat), unique combinations of differentially expressed effector genes [e.g. Calb1, Tacr3 




peptide), and Grin2c (glutamate receptor, ionotropic, N-methyl D-aspartate 2C)] do enable six 
distinct subtype identities to be clearly distinguished, underscoring the diversity of dopaminergic 
neurons in the vertebrate midbrain. 
 The transcription factor NURR1 (nuclear receptor related 1), a member of the orphan 
nuclear receptor family, is expressed in midbrain dopaminergic neurons during development and 
throughout adulthood (Zetterstrom et al., 1996). In mice, this expression is initiated at embryonic 
day 10.5 (E10.5) in postmitotic precursor cells prior to their acquisition of dopaminergic identity 
which begins at E11.5 with the expression of TH (Zetterstrom et al., 1997; Wallen et al., 1999). 
In Nurr1 null mutant mice, precursor cells expressing a midbrain dopaminergic neuron-specific 
transcription factor (Pitx3 – to be elaborated later) are generated and acquire a general neuronal 
fate based on their positive immunoreactivity of conventional pan-neuronal markers such as 
TuJ1 (tubulin β3), NeuN (neuronal nuclei, an RNA-binding protein), and 3A10 (a neurofilament-
associated protein). Strikingly, these cells fail to express the dopaminergic biosynthetic pathway 
genes Th, Vmat2, and Dat (Castillo et al., 1998; Saucedo-Cardenas et al., 1998); other genes 
commonly shared by midbrain dopaminergic neurons such as Dlk1 (Delta-like homolog 1) and 
Klhl1 (Kelch-like family member 1); as well as the subtype-specific effector genes Ptpru 
(protein tyrosine phosphatase, receptor type, U) and Vip (Luo et al., 2007; Jacobs et al., 2009a). 
Subsequent chromatin immunoprecipitation (ChIP) experiments on either dissected midbrain 
dopaminergic neural tissue or dopaminergic cell cultures found that NURR1 binds to the 
proximal cis-regulatory region of many of these genes (e.g. Th, Vmat2, Dat, Ptpru, and Vip) – 
signifying its direct transcriptional activator role (Jacobs et al., 2009a; Jacobs et al., 2009b; Yi et 
al., 2014). The importance of maintaining NURR1 activator function post-developmentally is 




midbrain, affected dopaminergic neurons lose TH2, VMAT2, and DAT expression while mutant 
animals display motor behavioral deficits within four months (Kadkhodaei et al., 2009). 
Additionally, NURR1 is also important for neuronal migration and target innervation as these 
aspects are defective in the midbrain dopaminergic system of Nurr1 null mutant mice (Wallen et 
al., 1999). Since NURR1 directly controls and maintains the coordinate expression of genes 
crucial for the acquisition of a mature dopaminergic phenotype, it is therefore considered a 
terminal selector of dopaminergic neurons in the vertebrate midbrain. 
 However, the fact that many non-dopaminergic neurons express NURR1 in other brain 
regions points to the existence of other factors required to mediate the specificity of NURR1 
terminal selector function in the midbrain (Zetterstrom et al., 1996). Exemplifying such factors is 
the homeodomain transcription factor PITX3 (pituitary homeobox 3) whose expression in the 
rodent brain is highly specific to midbrain dopaminergic neurons and is maintained in adults 
(Smidt et al., 1997). PITX3 controls the expression of commonly shared [e.g. Th, Vmat2, Dat, 
and Drd2 (dopamine receptor D2)] as well as subtype-specific effector genes (e.g. Aldh1a1) of 
midbrain dopaminergic neurons as indicated by their significant downregulation in Pitx3 null 
mutant mice (Maxwell et al., 2005; Jacobs et al., 2009b; Jacobs et al., 2011). Interestingly, 
biochemical analyses have demonstrated that PITX3 directly activates its target genes (e.g. Th, 
Vmat2, Dat, and Vip) by cooperating with NURR1; and the ectopic expression of these two 
transcription factors in embryonic stem cell cultures is sufficient to promote a mature midbrain 
dopaminergic fate (Martinat et al., 2006; Jacobs et al., 2009b). Viewed together, PITX3 can 
hence be defined as a terminal selector that likely forms a complex with NURR1 to specifically 
confer upon midbrain dopaminergic neurons their terminal identity and function (reviewed in 





Figure 2: Dopaminergic neuron subtypes in mice  
Combinatorial expression of effector genes uniquely defines six subtypes of dopaminergic 
neurons. It has been demonstrated that many of these genes are controlled by the terminal 
selectors of dopaminergic identity, NURR1 and PITX3. The last two genes, Lmx1a and Pitx3, 





1.3 Serotonergic neurons in the hindbrain 
 In the mammalian central nervous system, all serotonergic neurons arise from progenitors 
found in the embryonic ventral hindbrain before settling in the raphe nuclei of the adult 
brainstem. Evidently, an essential feature that serotonergic neurons share is their expression of 
the molecular machinery required to utilize serotonin as a neurotransmitter, where TPH2 
(tryptophan hydroxylase 2) and AADC (aromatic L-amino acid decarboxylase) sequentially 
convert tryptophan to serotonin, while enzymatic components of the tetrahydrobiopterin (BH4) 
biosynthetic pathway ensure the availability of BH4 – an obligatory cofactor of TPH2. In 
addition, VMAT2 (vesicular monoamine transporter 2) packages serotonin into synaptic vesicles, 
SERT (serotonin transporter) and OCT3 (organic cation transporter 3) reuptake spent serotonin 
into the cell, MAO (monoamine oxidase) degrades the neurotransmitter, and HTR1 (5-
hydroxytryptamine receptor 1) serotonin autoreceptors modulate the electrophysiological 
properties of serotonergic neurons (reviewed in Deneris and Wyler, 2012). 
 The serotonergic system is crucial for modulating various psychological and 
physiological states and processes such as appetite, mood, perception, and sleep (reviewed in 
Berger et al., 2009). Reflecting such wide-ranging roles is the increasing evidence that the 
system is composed of several subsystems, each subserving a different function. Observations of 
phenotypic heterogeneity at various levels within the system strongly suggest that serotonergic 
neurons, despite sharing a common neurotransmitter identity, consist of multiple distinct 
subtypes. Anatomically, serotonergic neurons are grouped into nine discrete clusters classically 
named B1 to B9. B1 to B5 are located in the caudal raphe nuclei that project to the spinal cord 
(descending pathway) while B6 to B9 are located in the rostral raphe nuclei that project to 




(ascending pathway). The raphe nuclei can be further subdivided into the dorsal raphe (DR) that 
hosts B4, B6, and B7, the median raphe (MR) that hosts B5 and B8, the supralemniscal nucleus 
that hosts B9, the raphe magnus (RMg) that hosts B3, the raphe obscurus (ROb) that hosts B2, 
and the raphe pallidus (RPa) that hosts B1. Morphologically, axons of DR serotonergic neurons 
display fine beaded varicosities whereas those of MR display large round sparse varicosities. 
Ultrastructural analyses have also revealed that the density of synaptic formations at the terminal 
of serotonergic neurons vary widely depending on their targets in the forebrain.  And while most 
axons of serotonergic neurons are non-myelinated, a sizeable fraction is myelinated. 
Electrophysiologically, several studies recording and comparing serotonergic neuron clusters, 
either of different nuclei or of the same nucleus, showed that they exhibited different properties. 
Examples of such results include different action potential firing rates, variations in neuronal 
excitability, and differential pharmacological responses (reviewed in Gaspar and Lillesaar, 
2012). 
 As aforementioned, such diversity in anatomy, morphology, and electrophysiology is 
most likely underlain by numerous distinct serotonergic neuron subtypes. To a certain extent, 
this is reflected by the differences in developmental history of serotonergic neurons in the 
various raphe subnuclei, implying that different early developmental programs could account for 
the consequent phenotypic heterogeneity. Using intersectional and subtractive genetic labelling 
in mice, Jensen et al. (2008) documented that the various raphe subnuclei are populated by 
serotonergic neurons that originate from progenitor cells of different rhombomeres (R1, R2, R3, 
R5, and R6) in the embryonic hindbrain. However, there is not a simple one-to-one 
correspondence; e.g. whereas serotonergic neurons of B4, B6, and B7 of the DR are derived 




and R3. In order to achieve a finer resolution, Okaty et al. (2015) sought to determine if 
serotonergic neurons could be grouped into distinct subtypes as defined by unique molecular 
profiles. By reiteratively combining genetic fate mapping based on rhombomeric origin, 
microdissection of anatomically discrete raphe subnuclei, and manual sorting of fluorescently 
labelled cells in mice, the authors were able to distinguish and purify six subsets of serotonergic 
neurons. Hierarchical clustering analysis of the transcriptome profiles obtained through RNA 
sequencing revealed that these six subsets could indeed be grouped into at least six distinct 
serotonergic neuron subtypes as is clearly represented by the clustergram of genes differentially 
expressed across the six subsets in Figure 3. Many of the ontological designations of these 
differentially expressed genes are important for neuronal function such as metabotropic and 
ionotropic receptor activity, synaptic transmission, axon guidance, and neuronal differentiation. 
As such, it is increasingly evident that serotonergic neurons consist of multiple distinct subtypes 
that can be defined by their unique molecular profiles that in turn confer upon them unique 
identities and functions.  
Despite the diversity, there exists a common overarching genetic program that terminally 
differentiates virtually all serotonergic neurons in the central nervous system. The ETS (E26 
transformation-specific) domain transcription factor PET-1 (pheochromocytoma 12 ets 1) is 
expressed specifically in murine brain serotonergic neurons and the onset of this expression 
precedes that of TPH2 – the rate-limiting enzyme of serotonin biosynthesis (Hendricks et al., 
1999). In Pet-1 null mutant mice, the postmitotic precursor cells of serotonergic neurons are 
generated and pan-neuronal genes are expressed normally. However, these cells fail to terminally 
differentiate and acquire serotonergic identity because the expression of serotonergic pathway 




biosynthetic pathway are severely reduced (Hendricks et al., 2003; Liu et al., 2010; Wyler et al., 
2015). In vitro electrophoretic mobility shift assays (EMSA) have shown that PET-1 can bind to 
a specific ETS domain DNA sequence motif (Hendricks et al., 1999) and in vivo experiments of 
chromatin immunoprecipitation (ChIP) followed by quantitative polymerase chain reaction 
(qPCR) later showed the direct binding of PET-1 to cis-regulatory regions of Tph2 and Sert 
containing such motifs (Liu et al., 2010). Additionally, when the transcriptome profile obtained 
using RNA sequencing of Pet-1 null serotonergic precursor cells were compared to that of 
wildtype serotonergic neurons, the expression of hundreds of effector genes, both shared and 
subtype-specific, with annotated functions such as neurotransmitter receptors, ion channels, 
transporters, and cell adhesion molecules were observed to be altered to various extents. Many of 
these genes also had PET-1 binding within 5 kbp to their cis-regulatory region as ascertained 
using ChIP-sequencing (Okaty et al., 2015; Wyler et al., 2016). These results demonstrate that 
PET-1 coordinately regulates the battery of genes that define serotonergic neuron type and 
subtype identities by direct activation via a common binding motif. PET-1 also directly drives its 
own expression that persists throughout adulthood and this autoregulated maintenance is 
important because serotonergic neurons in mice engineered to lose Pet-1 expression two days 
after its onset display multiple defects such as in serotonin biosynthesis, axonal innervation, and 
serotonin autoreceptor-mediated electrophysiological properties (Liu et al., 2010). Taken 
together, PET-1 in the vertebrate central nervous system is crucial for the correct terminal 
identity specification and maintenance underlying the proper functioning of serotonergic neurons 
and is thus considered the terminal selector of serotonergic neuron identity (reviewed in Flames 





Figure 3: Serotonergic neuron subtypes in mice 
Effector genes important for metabotropic and ionotropic receptor activity, synaptic 
transmission, axon guidance, neuronal differentiation, etc. are expressed in unique combinations, 
allowing at least six different serotonergic neuron subtypes to be molecularly defined (figure 




1.4 Glutamatergic photoreceptors in the forebrain 
 A “window to our brain”, the retina endows us with the gift of sight. In vertebrates, it is 
composed of five major neuron types elegantly organized in a multilaminar fashion: 
photoreceptors, horizontal cells, bipolar cells, retinal ganglion cells, and amacrine cells. All 
retinal neurons originate from multipotent retinal progenitor cells contained within the inner 
layer of the double-layered optic cup found in the diencephalon during embryogenesis. 
Photoreceptors are sensory neurons evolved to phototransduce, i.e. detect light and convert it into 
electrical signals so that the information can be relayed onward for eventual processing in the 
brain. Anatomically, their cell bodies occupy the retinal outer nuclear layer from which 
specialized sensory cilia structures called outer segments protrude to form the photoreceptor 
layer, while their axons terminate in the outer plexiform layer. Outer segments are composed of 
compacted membrane discs where the molecular machineries for phototransduction are densely 
localized (reviewed in Xiang, 2013; Stenkamp, 2015).  
In the dark (scotopic condition), photoreceptors are continuously depolarized due to the 
influx of cations through open cyclic guanosine monophosphate (cGMP)-activated ion channels, 
leading to a constitutive glutamatergic synaptic transmission downstream. Visual pigments 
consist of the protein moiety opsin, which is a guanine nucleotide-binding protein (G protein)-
coupled receptor (GPCR), covalently linked to the chromophore 11-cis-retinal. Exposure to light 
(photopic condition) initiates the phototransduction cascade where 11-cis-retinal converts to all-
trans-retinal, causing a conformational change in opsin. This activates the visual pigment which 
in turn switches on the heterotrimeric G protein transducin by catalyzing the latter’s exchange of 
GDP for GTP. The activated transducin then activates a phosphodiesterase which hydrolyzes 




cation efflux as mediated by voltage-gated ion channels cause the photoreceptor to hyperpolarize 
and halt its neurotransmission. This response to light is registered downstream of the circuit and 
sent as information to the brain. Removal of the stimulus terminates phototransduction, a 
multilevel process that includes the deactivation of the visual pigment and transducin as well as 
the recovery of 11-cis-retinal for pigment regeneration (reviewed in Luo et al., 2008). 
 It is imperative to highlight that photoreceptors exist as multiple subtypes with distinct 
morphologies and molecular profiles that control their unique features. The foremost division is 
that between cones and rods, so named because of the distinctive shapes of their respective outer 
segments. Cone photoreceptors work under bright light, have higher temporal resolution than 
rods, and are further subdivided based on the wavelength of light optimally detected by each 
subtype which form the basis of color detection. Humans, for example, possess three cone 
subtypes that respond best to light of either short, medium, or long wavelengths corresponding 
respectively to the colors blue, green, and red – imbuing us with trichromatic vision. On the 
other hand, rod photoreceptors function under dim light but are 100 times more sensitive than 
cones, capable of sensing a single photon. Morphologically, the outer segment membrane discs 
of rods are completely internalized and separate from the plasma membrane, whereas those of 
cones remain as folds of the plasma membrane, increasing the surface area across which 
substances can travel more quickly. At the opposite end, the synaptic boutons of rods called 
spherules are small and round, whereas those of cones called pedicles are large, conical, and flat-
ended. Positioned nanometers away from the presynaptic membrane of photoreceptors are 
synaptic ribbons - structures tethered with hundreds of synaptic vesicles allowing for rapid 
neurotransmitter release. While a spherule has only two synaptic ribbons, a pedicle exhibits 




much faster than rods to light due to the former’s higher rates of ion flux, chromophore import 
for visual pigment regeneration, and synaptic transmission (reviewed in Kolb, 1995; Fu and Yau, 
2007; Korenbrot, 2012). 
Molecularly, photoreceptor subtypes express unique combinations of effector genes as 
exemplified in Table 1 for mice. The murine retina has three photoreceptor subtypes – each 
distinguished by its specific opsin: rods express rhodopsin, blue cones express blue opsin, and 
green cones express green opsin. These and other differentially expressed effector molecules 
have been demonstrated to differentially regulate common processes such as phototransduction 
and membrane polarization, giving rise to distinct physiological characteristics that govern the 
specialized functions of individual photoreceptor subtypes. For instance, the superior sensitivity 
of rods is in part due to rhodopsin being more light-sensitive than cone opsins, while cones can 
discriminate colors because their different opsins are sensitive to different wavelengths of light 
(reviewed in Fu and Yau, 2007; Korenbrot, 2012). Still, several levels of these common 
processes are controlled by molecular determinants that are shared between both rods and cones; 
e.g. the same vesicular transporter packages glutamate into synaptic vesicles of all photoreceptor 
subtypes to confer them their glutamatergic neurotransmitter identity (Sherry et al., 2003). In an 
effort to more completely profile the molecular diversity of the photoreceptor system, Enright et 
al. (2015) labelled, isolated, and sorted four of the six photoreceptor subtypes (rods as well as 
red, green, and violet cones) from developing chicken retina before analyzing their 
transcriptomes through RNA sequencing. The results, presented in Figure 4, beautifully reiterate 
the point that every subtype is distinctively defined by its unique repertoire of effector genes 
involved in phototransduction, metabolism, structural maintenance, cell adhesion, etc., of which 




Considering the molecular diversity of photoreceptor subtypes as well as the 
morphological distinction between rods and cones, it is remarkable that a homeodomain 
transcription factor, CRX (cone-rod homeobox), coordinately regulates a great many of these 
features. In mice, Crx expression begins in postmitotic precursor cells at embryonic day 12.5 
(E12.5) before their differentiation into rods and cones postnatally (Furukawa et al., 1997). In 
Crx null mutant mice, these precursor cells are born but fail to acquire many photoreceptor traits. 
Ultrastructural analyses of mutant rods and cones discovered multiple morphogenetic defects 
such as the complete absence of outer segments – and hence phototransduction machinery – as 
well as malformed spherules and pedicles where synaptic ribbons are mispositioned. Expectedly, 
these mutant photoreceptors are virtually devoid of any electrical activity when measured by 
electroretinograms, explaining why mutant mice are blind (Furukawa et al., 1999; Morrow et al., 
2005). Accompanying this severe functional abrogation is the downregulation of approximately 
300 genes in Crx null mutant retina as assayed using either northern blotting or RNA sequencing. 
Chromatin immunoprecipitation-sequencing (ChIP-seq) experiments showed that CRX binds via 
a phylogenetically conserved DNA sequence motif to the cis-regulatory region of 60% of these 
genes, strongly suggesting their direct activation by CRX. Thus, the mutant phenotype described 
above is most likely due to a loss in expression of Crx-dependent effector genes important for 
rod and cone photoreceptor differentiation. Indeed, all of the shared and subtype-specific effector 
genes listed in Table 1 (together with many more unlisted ones), which include those mediating 
phototransduction and its deactivation, glutamatergic synaptic transmission, outer segment 
morphogenesis, and intraflagellar transport, are putatively controlled by CRX directly (Furukawa 
et al., 1999; Corbo et al., 2010). With a final note that Crx autoregulates its expression 




maintaining the expression of a gene battery essential in defining the terminal identity and 
function of rods and cones, CRX is the terminal selector of photoreceptors in mammalian retina 












Blue cone Green cone Rod 
Phototransduction 
Opsin 
Opn1sw (opsin 1, 
short wave-sensitive) 




Gnat2 (guanine nucleotide binding protein, 
alpha transducing 2) 
Gnat1 





Grk1 (G protein-coupled receptor kinase 1) 
Arr3 (arrestin 3) Sag (S-antigen) 
Transducin 
deactivation protein 
Rgs9bp (regulator of G protein signaling 9-binding protein) 
11-cis-retinal 
recovery protein 


























(retinitis pigmentosa guanosine triphosphatase regulator interacting protein 1) 
 
Table 1: Photoreceptor subtypes in mice 
Unique combination of effector gene expression defines photoreceptor subtype identity and function. The photoreceptor terminal 
selector CRX directly controls all listed genes, putatively. (*) Cnga3 is the only gene on this list upregulated instead of downregulated 





Figure 4: Photoreceptor subtypes in chickens  
Four distinct subtypes of avian photoreceptors show that they each possess a unique repertoire of 
effector genes involved in phototransduction, metabolism, structural maintenance, cell adhesion, 





1.5 Cholinergic motor neurons in the nerve cord 
 Along the entire vertebrate neural tube during early development, across the ventro-
dorsal axis, a gradient of the morphogen SHH (sonic hedgehog) emanates from the ventral side. 
This differential concentration of SHH induces contiguous subpopulations of cells across the 
ventral neural tube to express different combinations of transcription factors. As transcription 
factors in neighboring subpopulations cross-repress each other, their expression boundaries are 
sharpened leading to the delineation of five distinct progenitor domains. Each domain expresses 
a unique transcription factor code which then switches on downstream developmental programs 
that ultimately lead to the terminal differentiation of progenitor cells into distinct types of 
neurons (reviewed in Jessell, 2000).  
Specifically, the pMN (progenitor motor neuron) domain which is defined by the bHLH 
(basic helix-loop-helix) transcription factor OLIG2 (oligodendrocyte transcription factor 2) and 
the homeodomain transcription factors NKX6.1 (NK homeobox, family 6, member 1), NKX6.2, 
and PAX6 (paired box 6) gives rise to all cholinergic motor neurons in the spinal cord. OLIG2 is 
the only transcription factor of this cocktail that is specific to the pMN domain within the ventral 
neural tube where it promotes the expression of another bHLH factor, NGN2 (neurogenin 2). 
NGN2 is important for pMN progenitor cells to exit the cell cycle, adopt pan-neuronal 
characteristics, and express proteins that direct motor neuron specification such as the LIM (LIN-
11, ISL1, and MEC-3) homeodomain transcription factor, ISL1 (islet1) (Briscoe et al., 2000; 
Novitch et al., 2001). ISL1 in turn is required for the expression of other transcription factors 
[e.g. ISL2, LHX3 (LIM homeobox 3), and HB9 (homeobox 9)] as well as terminal effector 
molecules that define newly differentiated motor neurons. Examples of the latter include cell 




NRG1 (neuregulin 1)] and, importantly, enzymes of the acetylcholine biosynthetic pathway 
which enable motor neurons to use acetylcholine as a neurotransmitter (Pfaff et al., 1996; Cho et 
al., 2014). In this pathway, ACLY (ATP citrate lyase) converts citrate and coenzyme A (CoA) 
into acetyl-CoA, ChAT (choline acetyltransferase) synthesizes acetylcholine from acetyl-CoA 
and choline, VAChT (vesicular acetylcholine transporter) packages the neurotransmitter into 
synaptic vesicles, AChE (acetylcholinesterase) breaks down acetylcholine after its release, and 
CHT (choline transporter) reuptakes choline from the synaptic cleft to be reused (reviewed in 
Abreu-Villaca et al., 2011). It has been demonstrated that in differentiating motor neurons, ISL1 
directly binds and drives the expression of these cholinergic genes by forming a hexamer with 
LHX3 and LDB1 (LIM domain-binding) (Thaler et al., 2002; Cho et al., 2014). Interestingly, the 
induced expression of NGN2, ISL1, and LHX3 is sufficient to directly program mouse 
embryonic stem cells into motor neurons through a process that bypasses the progenitor stage 
(Mazzoni et al., 2013). 
 Vertebrates possess hundreds of muscles whereby each one is shaped and works 
differently to enable body movement. Expectedly, the motor neurons that innervate these 
hundreds of muscles are also very diverse in subtypes despite originating from the same pMN 
progenitor domain. Motor neurons are anatomically clustered into four main columns at 
stereotypical positions along the spinal cord whereby distinct motor neuron subtypes residing in 
each column innervate and control specific peripheral target tissues of the body. The median 
motor column (MMC) runs along the entire length of the spinal cord and motor neurons of this 
column innervate dorsal axial musculature. Motor neurons of the hypaxial motor column (HMC) 
innervate intercostal and abdominal wall musculature while those of the preganglionic column 




the spinal cord. Last but not least, the lateral motor columns (LMC) occupy the brachial and 
lumbar levels of the spinal cord and motor neurons populating these two columns innervate 
forelimb and hindlimb muscles, respectively. Motor columns themselves can be further 
subdivided as motor neurons within the LMCs further segregate to form motor pools. Each of 
these motor pools resides at unique positions within the LMC, can be molecularly distinguished 
by their different transcription factor profile, and innervate specific muscle groups that together 
make up the entire limb musculature. Considering the number of muscle groups in the body, it is 
thus not difficult to see that spinal cord motor neurons are in fact extremely diverse in subtypes 
(reviewed in Dasen and Jessell, 2009; Stifani, 2014). 
 How is such subtype diversity in motor neurons generated? Cumulative work done within 
the past few decades in chick and mouse models have elucidated the molecular mechanisms and 
regulatory logic involved during the early steps of postmitotic motor neuron development and 
diversification. Paralleling the ventro-dorsal patterning of progenitor domains, opposing 
morphogen concentration gradients along the rostro-caudal axis of the neural tube [e.g. with 
retinoids being higher at the rostral end and FGF (fibroblast growth factor) being higher at the 
caudal end] induce the expression of different HOX (homeobox) transcription factor paralogs at 
different segments. These factors cross-repress each other to sharpen the boundary of their 
respective expression domains before kick-starting unique transcriptional cascades which lead to 
the specification of distinct motor neuron subtypes that constitute different columns of the spinal 
cord. For example, HOX6 is expressed in the LMC at the brachial level, HOX9 defines the PGC 
at the thoracic level, while HOX10 delineates the LMC at the lumbar level. When HOX6 
expression is ectopically induced in the PGC, HOX9 expression is repressed, molecular markers 




position typical of PGC motor neurons, and axons project to the forelimb instead of the 
sympathetic ganglia; i.e. motor neurons are converted from a PGC fate to that of brachial LMC. 
Conversely, ectopic induction of HOX9 in the brachial LMC converts the fate of the motor 
neurons into that of the PGC as similarly assessed by molecular, positional, and connectivity 
criteria. Interestingly, these HOX proteins possess dual intrinsic functions as they have been 
shown to act as repressors when cross-repressing other Hox genes and as activators when 
implementing motor neuron subtype specification programs (Dasen et al., 2003; reviewed in 
Dasen and Jessell, 2009). 
 Moving down the organizational hierarchy, it is notable that approximately 50 motor 
pools stereotypically and differentially position themselves throughout the LMC. Subtype 
diversification of these motor pools along the rostro-caudal axis of the spinal cord also follows 
the same strategy of the motor columns, where graded external signaling induces differential 
expression patterns of HOX paralogs at different columnar segments which instruct unique 
transcriptional programs to specify distinct motor pools. However, there are also segmental 
levels along the motor column where several motor pools reside and presumably received 
identical extrinsic signaling information prior to their specification, prompting the question of 
how do intrasegmental motor pools adopt distinct fates? Although the mechanism is still 
unknown, it has been observed that motor neuron precursors of a particular columnar segment 
initially express the same combination of HOX proteins; but as they differentiate, the expression 
of individual HOX components of the initial combination segregate amongst different motor 
neuron subsets, giving rise to distinct motor pools expressing unique HOX paralogs (Dasen et 




Since specific HOX transcription factors are also expressed at segments of the spinal cord 
where many motor neuron subtypes are generated, and that the DNA-binding homeodomain of 
HOX paralogs are largely conserved, there is accumulating evidence that many additional 
accessory factors exist to modify the specificity of HOX protein function. The FOXP1 (forkhead 
box P1) transcription factor is expressed in the LMC and PGC but not MMC and HMC. It has 
been shown that, respectively, HOX6 and HOX9 determine the high and low levels of FOXP1 in 
the brachial LMC and PGC. This differential FOXP1 level is instructive in specifying the 
respective motor neuron subtypes of the two columns in a HOX-dependent manner. The specific 
identity of the HOX paralog is unimportant for this specification function though since 
expressing FOXP1 at high levels in HOX9-expressing PGC still converts its motor neuron 
subtype to that of the HOX6-dependent LMC. Strikingly, when FoxP1 is genetically inactivated, 
all HOX-dependent columnar and pool identities of prospective LMC and PGC motor neurons 
are lost and replaced instead by molecular features of HMC motor neurons. As such, FOXP1 is 
an example of likely many other cofactors that are crucial for modifying the specificity of HOX 
function in diversifying vertebrate motor neuron identity (Dasen et al., 2008; reviewed in Dasen 
and Jessell, 2009).  
Our understanding of the mechanism and logic that underlie motor neuron specification 
early in development has been immensely enriched from studying such matters in chick and 
mouse models. However, in these higher organisms, due to the sheer anatomical complexity of 
the post-developmental spinal cord and a poor grasp of how mature motor neurons are 
molecularly defined, little is known about what happens at the terminal step of motor neuron 
specification and identity maintenance. Underscoring this point is the fact that expression of 




instructive in specifying motor neuron identity actually subsides post-development. Even the 
expression of ISL2 and LHX3, factors that have been demonstrated to directly bind and 
transcriptionally control terminal effector genes of the acetylcholine biosynthetic pathway, seem 
to become much more restricted to only certain groups of motor neurons as embryogenesis 
progresses. All of these observations beg the question: How is motor neuron identity terminally 
specified and maintained throughout the lifetime of an animal? Phrased another way from a 
functional perspective, how does a motor neuron continually express the battery of cholinergic 
genes to ensure that it can always use acetylcholine as a neurotransmitter?  
The answer to the questions above is elegantly provided by the simple nematode, C. 
elegans. The C. elegans ventral nerve cord is populated by motor neurons that innervate body 
wall and/or vulval muscles and, based on their usage of either acetylcholine or γ-aminobutyric 
acid (GABA) as a neurotransmitter, are classified as being either cholinergic or GABAergic, 
respectively. The cholinergic motor neurons can be further subdivided into six different classes 
(subtypes) of which individual motor neuron members are stereotypically positioned along the 
ventral nerve cord: the embryonically generated DA and DB classes and the post-embryonically 
generated AS, VA, VB, and VC classes. DA, DB, and AS motor neurons send their axonal 
projections dorsally to the dorsal nerve cord to innervate dorsal muscles while VA,VB, and VC 
motor neurons project within the ventral nerve cord to innervate ventral muscles. Alternating 
activation of the dorsal and ventral body wall muscles sequentially along the longitudinal axis of 
the worm elicits a sinusoidal pattern that typifies C. elegans locomotory behavior. The DA, VA 
and AS classes can be grouped together based on additional shared anatomical and functional 
traits, as can the DB and VB classes. For example, DA and VA motor neurons send their axonal 




locomotion, while DB and VB motor neurons project posteriorly and control forward locomotion 
(White et al., 1976; reviewed in Von Stetina et al., 2006). 
In order to utilize acetylcholine as their neurotransmitter, all cholinergic motor neuron 
classes share the important molecular feature of expressing the enzymes that constitute the 
acetylcholine biosynthetic pathway (C. elegans gene name/vertebrate ortholog): cha-1/ChAT, 
unc-17/VAChT, ace-2/AChE, and cho-1/CHT. Additionally, each individual motor neuron class 
can also be distinguished molecularly by the class-specific expression of a specific combination 
of terminal effector genes that defines the unique properties of each distinct class. These effector 
molecules include neurotransmitter receptors, gap junction proteins, signaling molecules, and 
various types of ion channels, as summarized in Figure 5. For example, the nicotinic 
acetylcholine receptor (nAChR) subunit ACR-2 is expressed in the DA, VA, DB, and VB 
classes, but not in the AS and VC classes, whereas the nAChR subunit ACR-5 is expressed in the 
DB and VB classes, but not in the DA, VA, AS, and VC classes (Winnier et al., 1999; Jospin et 
al., 2009). The DA, DB, VA, VB, and AS classes not only share the common trait of being 
cholinergic but their terminal identities are also specified by the same terminal selector, the 
COE/EBF-type transcription factor UNC-3. Since the VC class does not express UNC-3/EBF 
and its terminal selector is unknown, it will not be focused on henceforth. Kratsios et al. (2012) 
have demonstrated that UNC-3/EBF coordinately activates both shared (e.g. genes of the 
acetylcholine biosynthesis pathway) as well as class-specific effector genes (e.g. acr-2 and acr-
5), since expression of these genes are lost in unc-3/EBF null mutants. This co-regulation is 
achieved via the direct binding of UNC-3/EBF to cis-regulatory elements containing an 
evolutionarily conserved DNA sequence termed the COE motif proximal to the unc-3/EBF-




though pan-neuronal characteristics are retained – when UNC-3/EBF function is either 
constitutively eliminated or abrogated post-mitotically, underscoring the requirement of UNC-
3/EBF for both fate specification as well as maintenance (Kratsios et al., 2012; reviewed in 
Hobert, 2016). 
  
Figure 5: Cholinergic motor neuron classes in C. elegans 
Cholinergic motor neurons in the C. elegans ventral nerve cord share common genes such as 
those encoding enzymes of the acetylcholine pathway, but can be further subdivided into five 







1.6 How do neurons of the same type diversify into subtypes? 
 In sum, I have highlighted four different subsystems that epitomize a core organizational 
principle in the nervous system where neurons are grouped together based on shared molecular, 
anatomical, functional, and developmental traits, but can be further subdivided into distinct 
subtypes based on subtype-specific features. It is also clear in these cases that both the shared 
and subtype-specific terminal identities are coordinately controlled and maintained by master 
regulatory-type transcription factors known as terminal selectors. These four examples represent 
neuron types of several major neurotransmitter identities (dopaminergic, serotonergic, 
glutamatergic, and cholinergic), from different regions of the nervous system (forebrain, 
midbrain, hindbrain, and nerve cord), in both complex and simple model organisms (vertebrate 
and C. elegans). The core principle organizing these neuron types emphasizes a two-tiered 
scheme of neuron subtype specification where a common terminal selector specifies a group of 
neurons with shared features, but additional regulatory mechanisms must then be applied to 
diversify these neurons into unique subtypes. The mechanistic basis of such diversification 
processes is poorly understood.  
Elucidating the mechanistic basis of how neurons of the same type diversify into 
multitudes of subtypes will greatly advance our understanding of how the brain achieves its 
complexity. However, addressing such an issue in vertebrate model systems would prove to be a 
formidable task, due to their anatomically complex nervous systems and poorly defined subtype 
diversity of mature neurons at the molecular level. As such, I set out to study this question in the 
motor nervous system of C. elegans, a much simpler and tractable model organism. Harnessing 
the power of genetic and molecular technologies in the C. elegans toolkit such as forward genetic 




protein manipulations, I sought to uncover the mechanisms and logic underlying motor neuron 
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DIVERSIFICATION OF Caenorhabditis elegans MOTOR NEURON IDENTITY VIA 
SELECTIVE EFFECTOR GENE REPRESSION 
 
In this chapter, I present the results of the work performed to understand the molecular 
mechanism and regulatory logic of cholinergic motor neuron class (subtype) diversification and 
maintenance in C. elegans. I begin by proposing the hypothetical models that drove my approach 
to the problem before documenting and interpreting the data collected in this study. I report that 
motor neuron identity is diversified via the selective and direct repression of terminal effector 
genes by combinations of phylogenetically conserved transcriptional repressors. The work 
presented in this dissertation has been accepted for publication in a scientific journal. The 
specific contributions of the co-authors to this work are: 
Paschalis Kratsios: Analysis of repressor mutant effects on gene expression in motor neurons 
of the retrovesicular ganglion; genetic screening for mutants of glr-4 
misexpression and their subsequent characterization; cis-regulatory region 
dissection of glr-4. 
Michael Hart: Analysis of single mutant effects of unc-55, unc-4, and vab-7 on effector 
gene expression in motor neurons of the ventral nerve cord; genetic 
screening for mutants of unc-53 misexpression and their subsequent 
identification. 
Romulo Mourao: Genetic screening for mutants of unc-129 and glr-4 misexpression. 
Minor contributions from others include: 




Kelsey Roberts: Assistance with unc-53 genetic screen 
Deandrea Ellis: Assistance with unc-53 genetic screen  
Tulsi Patel:  Providing the auxin-inducible conditional unc-3 allele 
Lori Glenwinkel: Providing bioinformatics expertise  
Gregory Minevich: Providing bioinformatics expertise 








Complex neural circuits controlling body musculature that underlie animal movement 
comprise of diverse motor neuron classes. To investigate the motor neuron diversification 
process, we turned to the cholinergic motor nervous system in the C. elegans ventral nerve cord 
which consists of six distinct classes: DA, DB, AS, VA, VB, and VC. In addition to 
morphological and developmental criteria, each motor neuron class is molecularly defined by a 
unique combination of class-specific effector genes while sharing a multitude of commonly 
expressed ones. UNC-3/EBF is the terminal selector that confers the shared cholinergic identity 
upon the DA, DB, AS, VA, and VB (but not VC) classes of motor neurons. Interestingly, despite 
its expression in all five motor neuron classes, UNC-3/EBF also directly controls the expression 
of terminal effector genes that are only selectively expressed in subsets of classes. We 
hypothesized that co-regulatory factors restrict the ability of UNC-3/EBF to activate these 
effector genes in a motor neuron class-specific manner. Forward genetic screens were performed 
using fluorescent reporters of motor neuron class-specific effector genes (e.g. the DA/DB-
specific unc-129) to examine if such co-regulatory factors do exist. Indeed, we discovered bnc-1, 
a novel gene previously uncharacterized in C. elegans or any nervous systems which is the sole 
worm ortholog of the vertebrate paired C2H2 zinc finger transcription factor, BNC. Loss of bnc-
1 function causes unc-129 to be derepressed in VA and VB classes in an unc-3/EBF-dependent 
manner. Further experiments showed that BNC-1 is expressed specifically in VA and VB motor 
neurons and works as a transcriptional repressor via a putative binding site near that of UNC-
3/EBF (COE motif) within the cis-regulatory region of unc-129. Moreover, reporters of other 




DA/DB/AS-specific unc-8, DA/AS-specific unc-53, and DB-specific acr-16) are also repressed 
in VA and VB motor neurons by BNC-1. This selective repression concept and the direct binding 
mechanism extend to the expression control of other unc-3/EBF-dependent motor neuron class-
specific effector genes, as determined by the analysis of more mutants uncovered from additional 
genetic screens and a candidate approach. For example, del-1 (VA/VB-specific) is repressed in 
the DA and DB classes by MAB-9/TBX20 (DA/DB/AS-specific) and in the AS class 
redundantly by both MAB-9/TBX20 and UNC-55/NR2F (AS-specific) whereas glr-4 
(SAB/DA9-specific) is repressed in the DA and DB classes by CFI-1/ARID (DA/DB/VA/VB-
specific). Similarly, the aforementioned unc-53 is repressed in DB motor neurons by VAB-
7/EVX (DB-specific) whereas acr-16 is repressed in DA motor neurons by UNC-4/UNCX 
(DA/VA-specific). These repressor proteins share the important feature of being continuously 
required throughout the life of the neurons to counteract, in a class-specific manner, the function 
of the UNC-3/EBF terminal selector that is active in all motor neuron classes. Additionally, 
many of these repressors acting in the ventral nerve cord also function via selective repression to 
specify motor neuron subclasses in another anatomical region of the worm, the retrovesicular 
ganglion. We hence conclude that motor neuron identities diversify and are maintained through 
the following principle: unc-3/EBF-dependent motor neuron class-specific effector genes are 
selectively and continuously repressed by unique combinations of evolutionarily conserved 
class-specific repressors via direct binding to cognate sites adjacent to the COE motif, thereby 
generating unique combinations of class-specific effector genes that consequentially define 








 The systematic classification of neurons into individual types and subtypes has been a 
central goal of neuroscience since the days of Ramon y Cajal. In vertebrate nervous systems, 
neuron type classification schemes are based on anatomical, electrophysiological, and functional 
features and are currently accumulating more granularity with the advent of more refined 
molecular classification schemes (Nelson et al., 2006; Macosko et al., 2015; Zeisel et al., 2015; 
Tasic et al., 2016). One core organizational principle has already been evident for a long time: 
Neurons can be grouped together based on a number of shared molecular, functional, and 
developmental traits, but can be subdivided into individual subtypes based on subtype-specific 
traits. For example, serotonergic neurons in the vertebrate central nervous system are defined by 
their usage of the same neurotransmitter and their specification by the transcription factor PET-1, 
but they fall into specific subtypes based on anatomical, functional, and molecular features 
(Jensen et al., 2008; Gaspar and Lillesaar, 2012; Okaty et al., 2015). Similarly, midbrain neurons 
that utilize dopamine as a neurotransmitter are a group of neurons that are specified by a 
common set of transcription factors, but can also be further subdivided into distinct subtypes 
based on electrophysiological criteria and molecular features (Roeper, 2013; Poulin et al., 2014). 
These examples point to a bipartite scheme of neuron classification and subtype specification: A 
common factor specifies a group of neurons with shared features, but additional regulatory 
mechanisms must then operate to diversify neurons into various subtypes. Such diversification 
processes are not well understood at a mechanistic level and, more generally, the existence and 





 We study this problem in the nervous system of the nematode C. elegans. The 302 
neurons of its nervous system are exceptionally well described on an anatomical level (White et 
al., 1986) and also on a molecular level (www.wormbase.org). Cholinergic motor neurons in the 
C. elegans ventral nerve cord are a paradigm for the neuron subtype diversification problem 
described above. As illustrated in Fig.1A, cholinergic motor neurons can be further subdivided 
into six different classes (subtypes) (White et al., 1976; Von Stetina et al., 2006). The DA, DB, 
VA, VB and AS classes not only share the common trait of being cholinergic (Duerr et al., 
2008), but their identities are also specified by the same terminal selector, UNC-3/EBF (Kratsios 
et al., 2012). Each individual motor neuron class can also be distinguished at the molecular level 
by their class-specific expression of a specific combination of effector genes that define the 
unique properties of each individual motor neuron class (Fig.1B). Importantly, UNC-3/EBF is 
known to be required not only for the expression of shared traits of these cholinergic motor 
neurons, but also for the expression of their class-specific features. Such necessity is not only 
revealed by the loss of expression of class-specific effector genes in unc-3/EBF mutants, but is 
also reflected by the presence and requirement of UNC-3/EBF binding sites in these genes 
(Fig.1B,C) (Kratsios et al., 2012). This poses an intriguing conundrum that is analogous to the 
situation found in many other neuron subtypes with shared traits: How can a transcription factor 
that activates shared traits in a group of neurons, also activate specific traits only in subsets of 
these neurons? For example, how does PET-1 activate serotonin pathway genes in all vertebrate 
serotonergic neurons, but also activate the expression of a host of other genes only in a subtype-
specific manner (Okaty et al., 2015; Wyler et al., 2015)? Understanding the mechanistic basis of 
this problem will provide a major step towards understanding how a brain can generate a diverse 




 Two different scenarios can, in principle, be envisioned for how such diversification 
processes work: The activator that controls shared traits in several neurons, like UNC-3/EBF in 
C. elegans cholinergic motor neurons, requires class-specific cofactors to activate class-specific 
features (upper panels in Fig.1D). Alternatively, the shared regulatory factor is capable of 
activating all features, including class-specific features, but is prevented from doing so via class-
specific repressor proteins (lower panel in Fig.1D). These two models make specific genetic 
predictions: A loss of direct co-activator function would lead to loss of expression of class-
specific features, while a loss of direct repressor function would lead to ectopic expression of 
class-specific features. We tested these predictions by performing genetic screens for mutants in 
which the expression of class-specific features is altered. These screens, as well as the testing of 
candidate genes, reveal a remarkably homogenous picture for how cholinergic motor neuron 
classes diversify: motor neuron class-specific repressor proteins act in distinct classes to prevent 
UNC-3/EBF from activating subsets of class-specific effector genes. These class-specific 
repressors include several previously known transcription factors and also a newly identified Zn 
finger transcription factor, BNC-1. All repressors are phylogenetically conserved. We propose 
that the mechanism that we define here may constitute a broadly applicable principle of neuron 






Fig.1A: Schematic of cholinergic motor neurons in the ventral nerve cord 
Schematic of cholinergic motor neuron classes (DA/DB/AS/VA/VB/VC) in the C. elegans 
ventral nerve cord depicting their relative positions and morphology. Numbers in brackets 
represent the number of individual motor neurons that belong to each class. Cell body with 
neuronal projections (c); synapses with arrowhead pointing in the direction of information flow 
(s); presynaptic input from command interneurons (i); body wall muscle except for VC motor 




Fig.1B: Molecular profile of cholinergic motor neuron classes  
Unique combinations of class-specific effector gene expression define each unc-3-expressing 
motor neuron class (as represented by different colors). As with the shared genes of the 
acetylcholine pathway, these class-specific genes are unc-3-dependent since their expression is 
lost in unc-3 null mutants (bounded by red margin). Color-filled rectangles represent expression 
in the corresponding class; grey rectangles represent absence of expression; superimposed 





Fig.1C: Schematic of UNC-3 terminal selector function 
Schematic depicting UNC-3 acting as a terminal selector to coordinately regulate the expression 
of class-specific as well as shared effector molecules in a cholinergic motor neuron. This co-
regulation is achieved via phylogenetically conserved binding sites, termed COE motifs, found 




Fig.1D: Hypothetical models of motor neuron class diversification 
The co-activator versus repressor models of regulation: hypothetical models of how UNC-3 
selectively controls the expression of class-specific genes. Black and color-filled circles indicate 
gene is expressed; grey-filled circles indicate gene is not expressed. Class-specific co-activators 






2.3.1 Genetic screens for motor neuron class-specific regulators 
 In order to test the different models for motor neuron identity specification illustrated in 
Fig.1D, we screened for mutants in which the expression of class-specific effector genes is 
disrupted, expecting to identify mutants in which class-specific genes are either misexpressed in 
distinct classes (supporting the repressor model) or lost in specific classes (supporting the co-
activator model). We initially chose two different reporter genes for our genetic screens: (a) a 
reporter for the TGFβ-family member gene, unc-129, a direct target of UNC-3/EBF (Kratsios et 
al., 2015) which is expressed in the DA and DB classes of cholinergic ventral cord motor 
neurons, but not in the VA, VB, and AS neurons, where unc-3/EBF actively promotes 
cholinergic identity (Kratsios et al., 2012) yet is apparently not sufficient to induce unc-129 
expression; (b) a reporter gene for unc-53, a novel unc-3/EBF-dependent gene coding for a 
cytoskeletal protein which is expressed in DA and AS neurons, but not VA, DB or VB neurons 
(Fig.4G,H). We mutagenized these transgenic reporter strains with ethyl methanesulfonate 
(EMS) and screened ~70,760 haploid genomes for expression defects of the unc-129 reporter and 
~4500 haploid genomes for expression defects of the unc-53 reporter. In the ensuing section, we 
describe three distinct complementation groups that we identified from these screens. 
 
2.3.2 A phylogenetically conserved Zn finger transcription factor, bnc-1, affects motor 
neuron class-specific gene expression 
 From the screen for unc-129::gfp expression defects, we isolated a mutant allele, ot721, 




the DA and DB classes (Fig.2A,B). Another mutant allele, ot763, was retrieved in which unc-
53::gfp is also ectopically expressed in ventral cord motor neurons (Fig.2H,I). ot721 and ot763 
display similar phenotypes; in both mutant strains, ectopic expression of unc-129::gfp is 
observed in the VA and VB neurons, with similar penetrance and expressivity (Fig.2A,B). ot721 
and ot763 fail to complement each other, suggesting that both mutant alleles affect the same gene 
(Fig.2A,B). 
Through our previously described mapping and whole-genome sequencing pipeline 
(Doitsidou et al., 2010; Minevich et al., 2012), we localized the molecular lesions of ot721 and 
ot763 to a previously uncharacterized C2H2 Zn finger-encoding gene (Fig.2L). This gene 
represents the sole ortholog of a Drosophila transcription factor called Disco and two paralogous 
human genes called Basonuclin 1 and 2 (BNC1 and BNC2) (Fig.2C,D) (Vanhoutteghem et al., 
2011), and we therefore named the C. elegans locus bnc-1. Disco and C. elegans BNC-1 are 
likely repressor proteins based on the presence of a binding site for the co-repressor protein CtBP 
and the ability of the fly Disco protein to physically interact with CtBP (Patel, 2007). 
The ot721 allele is defined by a mutation of a critical Zn coordinating cysteine in the 
second of the two C2H2 Zn fingers of BNC-1, whereas ot763 is defined by a premature stop 
codon before the Zn finger domains, thus constituting a likely null allele. The unc-129 
expression defect of the bnc-1(ot763) mutant can be rescued by: (a) a fosmid-based construct, in 
which the bnc-1 locus is tagged with GFP in the context of a ~35 kbp genomic fragment; (b) a 
genomic sequence that exclusively encompasses the bnc-1 locus (1.8 kbp upstream of the start 
codon to the stop codon); and (c) a construct in which the bnc-1 locus cDNA is specifically 
driven in cholinergic motor neurons under the control of an unc-3/EBF promoter (Fig.2A,F). 




bnc-1 mutants and found a coherent theme for all markers tested: All motor neuron class-specific 
markers that are normally not expressed in the VA and VB motor neurons become ectopically 
expressed in the VA and VB motor neurons of bnc-1 mutant animals. Apart from the normally 
DA/DB-specific unc-129 marker, this ectopic VA and VB expression also applies to: (a) the unc-
53 reporter, normally expressed in DA and AS neurons; (b) the unc-8 marker, normally 
expressed in DA, DB, and AS neurons; and (c) the acr-16 gene, normally exclusively expressed 
in DB neurons (Fig.2H,I). Genes that are specifically expressed in VA and VB neurons (del-1 
and inx-12) or in DB and VB neurons (acr-5) are not affected in bnc-1 mutants (Fig.2K,L), and 
neither is the overall morphology of the VA and VB neurons (Fig.2M-P). Moreover, the 
expression of genes shared by all cholinergic motor neurons (e.g. acetylcholine pathway genes) 
is unaffected in bnc-1 mutants (Fig.2L). Taken together, bnc-1 appears to repress genes that are 
expressed in neither VA nor VB neurons, and these neurons adopt a “mixed” motor neuron 
identity in bnc-1 mutants due to derepression of these genes in VA and VB neurons. These 
derepression effects are summarized in Fig.2J and (together with derepression effects observed 
in other transcription factor mutants) in the summary Figure 6.  
 We examined bnc-1 expression by inserting mNeonGreen (mNG) at the 3’ end of the 
bnc-1 locus using CRISPR/Cas9-based genome engineering and find that bnc-1 displays a 
remarkably specific expression pattern. In both males and hermaphrodites, bnc-1 is almost 
exclusively expressed in the VA and VB neurons (Fig.2E), indicating that bnc-1 functions in a 
cell-autonomous manner. The protein localizes exclusively to nuclei. Expression is also observed 
in the left and right SABV neuron pair and in the male-specific CP7 and CP8 neurons (Fig.5E). 
No other cells of the organism express bnc-1. In the VA and VB neurons, bnc-1 expression is 




throughout the life of the animals. A similar expression pattern is observed with successively 
smaller reporter gene constructs: (a) the rescuing fosmid-based reporter in which bnc-1 is tagged 
at the C-terminus; (b) the aforementioned rescue construct that contains sequences 1.8 kbp 
upstream of the start codon all the way to the stop codon; (c) a promoter fusion construct that 
only contains the sequence 1.8 kbp upstream of the start codon (Fig.3E,J,K). 
 The ectopic expression of genes in the VA and VB neurons of bnc-1 mutants depends on 
unc-3/EBF, since in unc-3; bnc-1 double mutants the ectopic as well as wildtype (DA and DB 
neurons) expression of the unc-3/EBF target unc-129 is lost (Fig.2A,B). We conclude that bnc-1 
genetically acts to prevent unc-3/EBF from activating target genes in VA and VB neurons, and 
henceforth that bnc-1 loss results in VA and VB neurons acquiring a “mixed” identity in which 
unc-3/EBF can now activate target genes that are normally expressed in a more restricted, class-
specific manner. Before examining the mechanistic basis of the bnc-1-mediated repression 
effect, we will next describe the molecular identity of other genetic repressors, which appear to 







Fig.2A: bnc-1 mutant effect on 
DA/DB-specific unc-129 
The transcriptional reporter of unc-
129 (encoding a TGFβ signaling 
molecule) is expressed specifically 
in DA/DB motor neurons (as 
exemplified by individual member 
neurons within the white bounding 
rectangle which is magnified in the 
inset on the right) and is regulated 
by unc-3. In mutants of alleles 
ot721 and ot763 (which do not 
complement each other), unc-129 
is derepressed in VA/VB motor 
neurons in an unc-3-dependent 
manner. This mutant phenotype is 
rescued by the genomic locus of a 
novel C. elegans gene, hence 
named bnc-1 (basonuclin 1). 
Wildtype (WT); scale bar = 50 µm. 
 
Fig.2B: Quantification of Fig.2A 
Quantification of number of ventral 
nerve cord (VNC) motor neurons 
(MNs) for Fig.2A; error bars show 
standard deviation (SD). Unpaired 
t-tests were performed for all 
mutant genotypes compared to 
wildtype; ***p < 0.001; n ≥ 13 for 
all genotypes. 
 
Fig.2C: Schematic of bnc-1 gene 
locus 
Schematic of bnc-1 gene locus 
depicting its DNA-binding domain, 
mutant allele annotation, rescue 
construct, and CRISPR/Cas9-
mediated endogenous modification. 
mNeonGreen (mNG); auxin-











Fig.2D: Schematic of BNC-1 
orthologs 
Schematic of BNC-1 protein and 
its orthologs in humans and flies. 
 
Fig.2E: Expression pattern of 
endogenous bnc-1 
The endogenous bnc-1 locus 
translationally tagged with mNG 
shows remarkably specific 
expression in VA/VB motor 
neurons (except for VB1) in the 
ventral nerve cord (see also 
Fig.5E). Stitched together from 
two images of the same worm; 
showing anterior half of worm; 
scale bar = 50 µm. 
 
Fig.2F: Sufficiency of bnc-1 
function 
A transgene containing an unc-3 
promoter driving bnc-1 cDNA in 
DA/DB/VA/VB motor neurons in 
the bnc-1 null mutant not only 
rescues the mutant phenotype in 
VA/VB, but is also sufficient to 
repress the usual expression of unc-
129 in DA/DB motor neurons. 
Wildtype image repeated from 




transgene; scale bar = 50 µm. 
 
Fig.2G: Quantification of Fig.2F 
Quantification of number of ventral 
cord motor neurons for Fig.2F; 
neurons in the retrovesicular 
ganglion where this unc-3 promoter 
expresses poorly were excluded; 
error bars show SD. Identity of 
remaining neurons where unc-129 
was not repressed by the unc-
3
prom
::bnc-1 transgene could not be unambiguously ascertained as their positions seemed random 
and were thus binned together as D/V. Three independent transgenic lines were assessed (#1.1, 
#3.1, and #5.1). Unpaired t-tests were performed comparing each line with its corresponding no-








Fig.2H: bnc-1 mutant effect on 
additional non-VA/VB effector 
genes 
The class-specific expression of the 
following unc-3-dependent effector 
genes as determined by 
transcriptional reporters is as such 
(note the absence of expression in 
VA/VB): unc-53 (encoding a 
structural protein) in DA/AS; unc-8 
(encoding a DEG/ENaC ion 
channel subunit) in DA/DB/AS; 
and acr-16 (encoding an ACh 
receptor subunit) in DB motor 
neurons. In bnc-1 null mutants, all 
three genes are derepressed in 
VA/VB motor neurons. Scale bar = 
50 µm. 
 
Fig.2I: Quantification of Fig.2H 
Quantification of number of ventral 
cord motor neurons for Fig.2H; 
error bars show SD. Superimposed 
diagonal stripes indicate dim 
expression. Unpaired t-tests were 
performed for all bnc-1 null 
mutants compared to wildtype; 
***p < 0.001; n ≥ 13 for all 
genotypes. 
 
Fig.2J: Genetic model of bnc-1 
function 
Genetic model depicting BNC-1 
repressing DA/DB-specific effector 





       
  
  
Fig.2K: bnc-1 mutant effect on 
VA/VB effector genes (suppl.) 
The VA/VB-specific expression of 
del-1 and inx-12 is not affected in 
bnc-1 null mutants. del-1 wildtype 
image repeated from Fig.3F. See 
Fig.2L for quantification. 
 
Fig.2L: bnc-1 mutant effect on 
additional effector genes (suppl.) 
The expression of VA/VB-specific 
del-1 and inx-12, DB/VB-specific 
acr-5, and cholinergic unc-17 is not 
affected in bnc-1 null mutants. 
Error bars show SD; n ≥ 13. 
 
Fig.2M: bnc-1 and mab-9 mutant 
effect on axonal morphology 
(suppl.) 
The axonal morphology of VA/VB 
(which project ventrally) and 
DA/DB motor neurons (which 
project dorsally) is unaffected in, 
respectively, bnc-1 and mab-9 null 
mutants when compared to 
wildtype worms. The fluorophores 
of the reporter transgenes fill up the 
neuronal processes, allowing the 
axonal projections to be visualized. 













Fig.2N: bnc-1 and mab-9 mutant effect on 
presynaptic puncta (suppl.) 
The distribution of presynaptic puncta of VA/VB 
(along the ventral nerve cord) and DA/DB motor 
neurons (along the dorsal nerve cord) is unaffected 
in, respectively, bnc-1 and mab-9 null mutants when 
compared to wildtype worms. RAB-3 (a member of 
the Ras GTPase superfamily) is a presynaptic 
molecule which when translationally fused with a 
fluorophore, allows for the visualization of the 
presynapse of a neuron in which it is expressed. n ≥ 
20. 
 
Fig.2O: bnc-1 and mab-9 mutant effect on 
postsynaptic puncta in GABAergic motor 
neurons (suppl.) 
In C. elegans, cholinergic motor neurons in the 
ventral nerve cord are dyadic, as they synapse onto 
muscle as well as GABAergic motor neurons. The 
distribution of postsynaptic puncta in GABAergic 
motor neurons of synapses originating from VA/VB 
(along the ventral nerve cord) and DA/DB motor 
neurons (along the dorsal nerve cord) is unaffected 
in, respectively, bnc-1 and mab-9 null mutants when 
compared to wildtype worms. ACR-12 (an nAChR 
subunit) is a postsynaptic molecule which when 
translationally fused with a fluorophore, allows for 
the visualization of the postsynapse of the neuron in 
which it is expressed. In this case, the unc-47 
promoter drives ACR-12 expression in GABAergic 
motor neurons. All worm strains here are in the 
genetic background of acr-12(ok367) which is 
required for ACR-12+GFP to be detectable. n ≥ 20. 
 
Fig.2P: bnc-1 and mab-9 mutant effect on 
postsynaptic puncta in muscles (suppl.) 
The distribution of postsynaptic puncta in 
neuromuscular junctions (NMJ) originating from 
VA/VB (along the ventral nerve cord) and DA/DB 
motor neurons (along the dorsal nerve cord) is 
unaffected in, respectively, bnc-1 and mab-9 null 
mutants when compared to wildtype worms. Here, 
the endogenous unc-29 locus (encoding an nAChR 
subunit that is a body wall muscle-specific 
postsynaptic molecule) is translationally fused with 
TagRFP to allow for the visualization of 













Fig.2Q: Identification of bnc-1 (suppl.) 
Hawaiian single nucleotide polymorphism (SNP) mapping plots obtained from whole-genome 





2.3.3 The T-box transcription factor mab-9/TBX20 represses VA and VB identity features 
in DA and DB motor neurons 
 Another allele retrieved from our initial genetic screens, ot720, displayed a 
fundamentally distinct phenotype from the bnc-1 mutant animals: unc-129::gfp expression in the 
DA and DB neurons is lost in these animals (Fig.3A,B). By whole-genome sequencing, we 
identified the molecular lesion of ot720 as a missense mutation in the previously identified T-box 
gene mab-9, the C. elegans ortholog of the vertebrate TBX20 gene (Fig.3M) (Woollard and 
Hodgkin, 2000). Animals carrying a previously described splice site mutation in the mab-
9/TBX20 locus, e2410, as well as animals identified in the Million Mutation Project (Thompson 
et al., 2013) as carrying a premature stop codon in the mab-9/TBX20 locus, gk396730, show the 
same loss of unc-129::gfp expression as ot720 animals (Fig.3A,B) (the effect of the e2410 allele 
on unc-129 expression was also previously noted by Pocock et al. (2008)). We identified yet 
another mab-9/TBX20 allele, ot788, in our screen for defects in unc-53 expression; we find that 
the expression of unc-53 in the DA motor neuron class is lost in mab-9/TBX20 mutants (albeit 
only in the anterior half of the ventral nerve cord) (Fig.3A,B,M). 
mab-9/TBX20 was previously described to be expressed in the DA and DB motor neurons 
(in which we find unc-129::gfp and unc-53::gfp expression to be lost) (Fox et al., 2005). Loss of 
expression of class-specific effector genes is consistent with the UNC-3/EBF co-activator model 
shown in Fig.1D. However, based on: (a) the repressor function of mab-9 orthologs in other 
species (Formaz-Preston et al., 2012; Kaltenbrun et al., 2013); (b) the presence of an EH1 
(Engrailed homology 1) domain in MAB-9; and (c) the above-described repressive effect of bnc-
1 on unc-129 and unc-53 expression in the VA and VB neurons, we considered the alternative 




neurons. As a consequence, derepression of bnc-1 in mab-9/TBX20 mutants may then result in a 
loss of unc-129 and unc-53 expression. We first tested this notion by asking whether the loss of 
unc-129::gfp expression in the DA and DB neurons of mab-9/TBX20 mutants genetically 
depends on bnc-1. We indeed find that in mab-9; bnc-1 double mutants, the loss of unc-129::gfp 
is completely suppressed (Fig.3A,B). As these double mutant animals display the same 
phenotype as bnc-1 mutants, we conclude that bnc-1 is epistatic to mab-9/TBX20. Moreover, we 
find that in mab-9/TBX20 mutants, expression of bnc-1 (as assessed by the genomically tagged 
bnc-1 locus) is derepressed in DA and DB neurons (Fig.3D,K).The effect of mab-9/TBX20 on 
bnc-1 expression appears direct since deletion of predicted MAB-9/TBX20 binding sites 
upstream of the bnc-1 locus results in ectopic expression of a bnc-1 reporter transgene in DA and 
DB neurons (Fig. 3D,E,K).  
Interestingly, mab-9/TBX20 not only represses the VA/VB-specific bnc-1 regulatory 
factor, it also represses three terminal identity markers in the DA and DB neurons, namely the 
DEG/ENaC channel del-1, the innexin inx-12, and the GABA receptor lgc-36 (Fig.3F,G; 
summarized in Fig.3I; Figure 6). These genes are normally expressed in the VA and VB 
neurons (in a bnc-1-independent manner), but not in the DA and DB neurons. del-1, inx-12, and 
lgc-36 are all unc-3/EBF targets in the VA and VB neurons (Fig.3F,G) (Kratsios et al., 2012). 
Hence, in analogy to the ectopic expression of DA and DB markers in the VA and VB neurons 
of bnc-1 mutants, we considered the possibility that the ectopic expression of VA and VB 
markers in the DA and DB neurons of mab-9/TBX20 mutants is a reflection of these genes now 
being available for activation by unc-3/EBF. We indeed find that ectopic del-1 expression is 
abolished in mab-9; unc-3 double mutants (Fig.3F,G). Since expression of acr-5 which is 




that mab-9/TBX20 targets only genes that are expressed in neither DA nor DB neurons. Genes 
that are expressed in only one of these two classes may require yet another repressor to prevent 
unc-3/EBF function in the other class (as demonstrated later). 
Lastly, we asked whether mab-9/TBX20 is not only required, but also sufficient to block 
VA and VB marker expression. To this end, we ectopically expressed mab-9/TBX20 in the VA 
and VB neurons using the promoter of the unc-3/EBF gene. We find that the VA and VB marker 
del-1 is indeed turned off in these transgenic animals. Moreover, we find that the bnc-1 target 
unc-129 becomes ectopically expressed in the VA and VB neurons in these animals, apparently 
because ectopic mab-9/TBX20 expression represses the expression of bnc-1, the repressor of unc-



















Fig.3A: mab-9 mutant effect on 
non-VA/VB effector genes and 
sufficiency of mab-9 function 
The DA/DB-specific expression of 
unc-129 is lost in mutants of allele 
ot720 whose causal gene is 
determined to be mab-9. Two other 
mab-9 mutant alleles phenocopy 
ot720: gk396730 from the Million 
Mutation Project and the classical 
allele e2410. This loss of 
expression is however dependent 
on bnc-1 since in the double 
mutant, the phenotype of bnc-1 is 
epistatic to that of mab-9, 
indicating that mab-9 represses 
bnc-1. A transgene of the 
aforementioned unc-3 promoter 
driving mab-9 cDNA in the mab-9 
null mutant not only rescues the 
mutant phenotype in DA/DB, but is 
also sufficient to ectopically 
derepress unc-129 in VA/VB motor 
neurons. Similarly, unc-53 
expression in DA motor neurons is 
lost (albeit only in the anterior half 
of the ventral nerve cord) in ot788 
– another mab-9 mutant allele from 
our genetic screens. Wildtype 
images repeated from Fig.2A,H; 




scale bar = 50 µm. 
 
Fig.3B: Quantification of Fig.3A 
Quantification of number of ventral 
cord motor neurons for Fig.3A; 
error bars show SD. Unpaired t-
tests were performed for all mutant 
genotypes compared to wildtype; 













Fig.3C: Schematic of mab-9 gene 
locus 
Schematic of mab-9 gene locus 
depicting its DNA-binding domain, 
mutant allele annotation, and 
CRISPR/Cas9-mediated 
endogenous modification. Data not 
shown for the endogenous reporter 
as it is unfortunately not visible in 
the ventral nerve cord. In 
cholinergic motor neurons, the 
expression of mab-9 has previously 
been reported to be DA/DB/AS-
specific. 
 
Fig.3D: mab-9 mutant effect on 
bnc-1 
The normally VA/VB-specific bnc-
1 is derepressed in DA/DB motor 
neurons in the mab-9 null mutant. 
Wildtype image repeated from 
Fig.2E; showing anterior half of 
worm. A transcriptional reporter of 
the 1.8 kbp promoter immediately 
upstream of the bnc-1 start codon 
faithfully recapitulates the VA/VB-
specific expression of bnc-1. By 
searching this promoter with 
binding site consensus motifs of 
MAB-9 orthologs in flies and 
vertebrates, a 24 bp sequence 
containing overlapping MAB-9 
binding sites is predicted. Mutation 
(mut-) of this sequence by deletion 
causes bnc-1 to be derepressed in 
DA/DB motor neurons. Taken 
together, these results indicate that MAB-9 indeed directly represses bnc-1. All rfp represents 
mchopti+h2b. Scale bar = 50 µm. See Fig.3K for quantification. 
Fig.3E: Schematic of bnc-1 fluorescent reporters and cis-regulatory region dissection 
The translationally tagged endogenous locus (CRISPR; see Fig.2E), the translationally tagged 
fosmid (see Fig.3J), the transcriptionally tagged rescue construct used in Fig.2A,B (see Fig.3J), 
and the abovementioned 1.8 kbp transcriptional reporter (see Fig.3D), all express specifically in 
VA/VB motor neurons. When the 24 bp sequence containing overlapping MAB-9 binding sites is 
deleted (as represented by the white-filled vertical rectangle), bnc-1 is derepressed in DA/DB 







Fig.3F: mab-9 mutant effect on 
VA/VB effector genes and 
sufficiency of mab-9 function 
The transcriptional reporter of del-
1 (encoding a DEG/ENaC ion 
channel) is expressed specifically 
in VA/VB motor neurons and is 
regulated by unc-3. In a mab-9 null 
mutant, del-1 is derepressed in 
DA/DB motor neurons in an unc-3-




rescue this mutant phenotype, it is 
also sufficient to repress the usual 
expression of del-1 in VA/VB 
motor neurons. Similarly, the 
transcriptional reporters of the unc-
3-dependent VA/VB-specific inx-
12 (encoding an innexin) promoter 
and lgc-36 (encoding a GABA 
receptor; Gendrel et al., 2016) 
fosmid are also derepressed in 
DA/DB motor neurons in mab-9 
null mutants. Red pharyngeal 
expression marks the unc-
3
prom
::mab-9 transgene; scale bar = 
50 µm. 
 
Fig.3G: Quantification of Fig.3F 
Quantification of number of ventral 
cord motor neurons for Fig.3F; 
error bars show SD. Unpaired t-
tests were performed for all mutant 
genotypes compared to wildtype; 














Fig.3H: Quantification of 
sufficiency of mab-9 function 
Quantification of number of ventral 
cord motor neurons for unc-
3
prom
::mab-9 transgenic lines in 
Fig.3A,F; neurons in the 
retrovesicular ganglion where this 
unc-3 promoter expresses poorly 
were excluded; error bars show SD. 
Identity of remaining neurons 
where del-1 was not repressed by 
the transgene could not be 
unambiguously ascertained as their 
positions seemed random and were 
thus binned together as D/V. At 
least two independent transgenic 
lines were assessed although only 
the most representative line is 
shown. Unpaired t-tests were 
performed comparing each line 
with its corresponding no-
transgene control and wildtype; 
***p < 0.001; n ≥ 10 for all 
conditions. 
 
Fig.3I: Genetic model of mab-9 
function 
Genetic model depicting MAB-9 
repressing BNC-1 as well as 
VA/VB-specific effector genes in 















Fig.3J: Expression pattern of 
bnc-1 fosmid and promoter 
(suppl.) 
Images of the VA/VB-specific 
expression of the bnc-1 
translationally tagged fosmid (very 
dim but consistent) and 
transcriptionally tagged rescue 
construct reporters (as mentioned 
in Fig.3E). 
 
Fig.3K: Quantification of Fig.3E 
(suppl.) 
Quantification of number of ventral 
cord motor neurons for Fig.3E; 
error bars show SD. Unpaired t-
tests were performed compared to 
wildtype; ***p < 0.001; n ≥ 13. 
 
Fig.3L: mab-9 mutant effect on 
DB/VB-specific acr-5 (suppl.) 
The expression of DB/VB-specific 
acr-5 is not affected in mab-9 null 


















Fig.3M: Identification of mab-9 (suppl.) 





2.3.4 The COUP-TF orphan nuclear receptor unc-55 represses DA/DB- and VA/VB-
specific identity features in the AS motor neuron class 
 The third complementation group that we isolated from our forward genetic screens is 
defined by a single allele, ot718 (Fig.4A,B). ot718 mutant animals display an uncoordinated 
locomotory, “coiler” phenotype that resembles a number of different unc mutants, including unc-
55 mutants (Walthall and Plunkett, 1995). ot718 indeed fails to complement the unc-55 allele 
e1170 and harbors a premature stop codon in the fourth exon of the unc-55 locus (as does the 
canonical, previously non-sequenced e402 allele) (Fig.4C). unc-55 encodes an orphan nuclear 
receptor of the COUP-TF type and is expressed in GABAergic VD neurons, where it represses 
features normally characteristic of the DD neurons (Walthall and Plunkett, 1995; Zhou and 
Walthall, 1998; Shan et al., 2005). unc-55/COUP-TF was also previously shown to be expressed 
in the cholinergic AS neuron class (Zhou and Walthall, 1998), which resembles, but is distinct in 
terms of anatomy and molecular profiles from the DA neuron class (White et al., 1976). The 
function of unc-55/COUP-TF in the AS neurons was not previously examined.  
We find that the expression of four unc-3/EBF-dependent effector genes, all expressed in 
the DA and DB neurons but not in the AS neurons (TGFβ family members unc-129 and dbl-1, 
nAChR acr-2, and potassium channel slo-2), becomes derepressed in the AS neurons of unc-
55/COUP-TF mutants (Fig.4A,B,D,E; summarized in Fig.4I; Figure 6). Ectopic expression 
depends on unc-3/EBF as unc-3; unc-55 double mutants display no derepression (Fig.4A,B). The 
del-1 DEG/ENaC channel gene, expressed in the VA and VB neurons, does not become 
derepressed in the AS neurons of unc-55/COUP-TF mutants (Fig.4A,B). Since mab-9/TBX20 
which normally represses del-1 in the DA and DB neurons is also expressed in the AS neurons 




redundantly to repress del-1 in the AS neurons. Indeed, del-1 expression is derepressed in the AS 
neurons in an unc-55; mab-9 double mutant (Fig.4A,B). We note that the DB-specific acr-16 
expression and DB/VB-specific acr-5 expression were both unaffected in unc-55/COUP-TF 
mutants. The VA/VB-specific inx-12 was also not derepressed in AS motor neurons in mab-9; 
unc-55 double mutants (in contrast to del-1) (Fig.4J). Altogether, it appears that genes that 
become derepressed in AS neurons in unc-55/COUP-TF mutants normally need to be expressed 
in DA neurons (which are the morphologically most similar class to the AS neurons (White et 
al., 1976)).  
 
2.3.5 unc-4/UNCX and vab-7/EVX are additional repressors of motor neuron class 
identity 
bnc-1, mab-9/TBX20, and unc-55/COUP-TF represent repressors that counteract unc-
3/EBF in a subset of motor neuron classes. We set out to test whether other, previously described 
repressors may operate in a similar manner. Specifically, the Prd-type homeobox gene unc-
4/UNCX has previously been shown to repress features of the VB neurons from being expressed 
in the VA neurons; these features include synaptic connectivity pattern (Miller et al., 1992; 
White et al., 1992), expression of the acr-5 gene (normally expressed in DB and VB, but 
derepressed in DA and VA neurons of unc-4/UNCX mutants; Fig.4K,L) (Winnier et al., 1999), 
and expression of the acr-16 gene (normally expressed in DB, but derepressed in DA neurons of 
unc-4/UNCX mutants) (Fig.4F,H; summarized in Fig.4I; Figure 6). Both acr-5 and acr-16 are 
unc-3/EBF-dependent genes and, as previously proposed (Kratsios et al., 2012), unc-4/UNCX 
also appears to counteract the activity of unc-3/EBF in DA and VA neurons (Fig.4F,H). We note 




4/UNCX mutants (Fig.4L) and conclude that unc-4/UNCX targets only genes that are normally 
expressed in neither DA nor VA neurons. 
 The homeobox gene vab-7, the ortholog of Drosophila Eve and vertebrate EVX, was 
previously shown to be expressed in DB neurons and to repress unc-4/UNCX expression in these 
neurons (Esmaeili et al., 2002). However, effector genes under the control of vab-7/ EVX have 
not been described. In analogy to mab-9/TBX20 which represses both a regulatory factor (bnc-1) 
and a terminal effector gene (del-1), we find that vab-7/EVX also counteracts unc-3/EBF activity 
to repress the unc-53 effector gene (normally expressed in DA and AS neurons) in DB neurons 
(Fig.4G,H). Taken together, unc-4/UNCX and vab-7/ EVX operate along similar lines as the bnc-
1, mab-9/TBX20, and unc-55/COUP-TF repressors, albeit with different spectra of neuron class 
specificity (summarized in Fig.4I; Figure 6). Lastly, we tested whether the cellular specificity of 
the defects of repressors that act in distinct classes are additive in nature. To this end, we built 
unc-55; bnc-1, unc-55; mab-9, unc-4; bnc-1, and vab-7; bnc-1 double mutants, finding that the 


















Fig.4A: unc-55 mutant effect on 
non-AS effector genes 
In mutants of allele ot718, the 
DA/DB-specific unc-129 is 
derepressed in AS motor neurons 
in an unc-3-dependent manner. The 
classical mutant alleles of unc-55, 
e1170 and e402, phenocopy ot718 
whose causal gene is confirmed to 
be unc-55 via complementation 
testing. Although not derepressed 
in the unc-55 single null mutant, 
the VA/VB-specific del-1 is 
derepressed in AS motor neurons 
in the mab-9; unc-55 double 
mutant – indicating a redundant 
role of these two genes. The 
additive effect of the double 
mutants bnc-1; unc-55 and mab-9; 
unc-55 on, respectively, unc-129 
and del-1 causes the expression of 
these effector genes to no longer be 
class-specific. In cholinergic motor 
neurons, the expression of unc-55 
has previously been reported to be 
AS-specific. Wildtype and mab-9 
null mutant images repeated from 
Fig.2A and Fig.3F; scale bar = 50 
µm. 
 
Fig.4B: Quantification of Fig.4A 
Quantification of number of ventral 
cord motor neurons for Fig.4A; 
error bars show SD. Unpaired t-
tests were performed for all mutant 
genotypes compared to wildtype 
unless otherwise indicated; ***p < 









Fig.4C: Schematic of unc-55 gene 
locus 
Schematic of unc-55 gene locus 
depicting its DNA-binding domain 
and mutant allele annotation. 
F55D12.6 is an uncharacterized 
gene embedded within the first 
intron of unc-55 in the opposite 
direction. 
 
Fig.4D: unc-55 mutant effect on 
DA/DB/VA/VB effector genes 
The following DA/DB/VA/VB-
specific genes are derepressed in 
AS motor neurons in unc-55 null 
mutants: acr-2 (encoding an ACh 
receptor subunit), dbl-1 (encoding 
a TGFβ signaling molecule), and 
slo-2 (encoding a sodium-activated 
potassium channel). Scale bar = 50 
µm. 
 
Fig.4E: Quantification of Fig.4D 
Quantification of number of ventral 
cord motor neurons for Fig.4D; 
error bars show SD. Unpaired t-
tests were performed compared to 








Fig.4F: unc-4 mutant effect on 
DB-specific acr-16 
In the unc-4 null mutant, the DB-
specific acr-16 is derepressed in 
DA motor neurons in an unc-3-
dependent manner. The additive 
effect of the double mutant bnc-1; 
unc-4 causes acr-16 to no longer be 
as class-specific. unc-4 has 
previously been reported to be 
DA/VA-specific in expression. 
Scale bar = 50 µm. 
 
Fig.4G: vab-7 mutant effect on 
DA/AS-specific unc-53 
In the vab-7 null mutant, the 
DA/AS-specific unc-53 is 
derepressed in DB motor neurons 
in an unc-3-dependent manner. The 
additive effect of the double mutant 
bnc-1; vab-7 causes unc-53 to no 
longer be as class-specific. vab-7 
has previously been reported to be 
DB-specific in expression. Scale 
bar = 50 µm. 
 
Fig.4H: Quantification of 
Fig.4F,G 
Quantification of number of ventral 
cord motor neurons for Fig.4F,G; 
error bars show SD. Unpaired t-
tests were performed for all mutant 
genotypes compared to wildtype 
unless otherwise indicated; ***p < 





Fig.4I: Genetic model of class-specific 
repressor function in cholinergic motor 
neurons in the ventral nerve cord 
Genetic model depicting the interactions of 
repressors on class-specific effector genes in 
ventral cord motor neurons. In AS motor 
neurons, acr-16 and acr-5 are likely 
repressed by as yet unidentified AS-specific 








Fig.4J: unc-55 mutant effect on 
additional effector genes (suppl.) 
The expression of VA/VB-specific 
inx-12, DB-specific acr-16, and 
DB/VB-specific acr-5 is not 
affected in unc-55 null mutants. 
Expression of inx-12 is also not 
affected in mab-9;unc-55 double 
mutants (in contrast to VA/VB-
specific del-1). Error bars show 
SD; n ≥ 13. 
 
Fig.4K: unc-4 mutant effect on 
DB/VB-specific acr-5 (suppl.) 
In unc-4 null mutants, DB/VB-
specific acr-5 is derepressed in 
DA/VA motor neurons. See Fig.4L 
for quantification. 
 
Fig.4L: Quantification of Fig.4K 
and unc-4 mutant effect on 
DA/DB-specific unc-129 (suppl.) 
Quantification of number of ventral 
cord motor neurons for Fig.3K. 
The expression of DA/DB-specific 
unc-129 is not affected in unc-4 
null mutants. Error bars show SD; 
unpaired t-tests were performed 
compared to wildtype; ***p < 




2.3.6 A similar repressor logic operates in the SAB head motor neurons 
 Moving outside the ventral nerve cord, we asked whether another motor neuron 
diversification process that takes place at a different anatomical region of the C. elegans nervous 
system operates by a similar principle. Specifically, we considered the SAB class of head motor 
neurons, whose cell bodies are located in the retrovesicular ganglion, from which they send 
processes toward the tip of the nose and innervate head muscle (Fig.5A) (White et al., 1986). 
These neurons can be divided into two distinct subclasses, based on anatomical as well as 
molecular features: a ventral pair of SAB neurons called SABVL and SABVR, and a single 
dorsal SAB neuron, SABD (Fig.5A) (White et al., 1986; Kratsios et al., 2015). Like the ventral 
cord motor neurons, all three SAB motor neurons require unc-3/EBF for: (a) the expression of 
genes shared by all three SAB neurons and (b) the expression of genes that are exclusively 
expressed in the SABD neurons (TGFβ unc-129) or SABV neurons (DEG/ENaC channel del-1) 
(Fig.5B-D) (Kratsios et al., 2015). We find that a subset of the repressors that counteract unc-
3/EBF in ventral cord motor neurons also counteract unc-3/EBF in the SAB neurons. 
Specifically, we find that in mab-9/TBX20 mutants, del-1, which is normally only in the SABV 
neurons, is derepressed in the SABD neuron (Fig.5B-D). Moreover, we find that in mab-
9/TBX20 mutants, expression of unc-129 which is normally observed in SABD, but not SABV, 
is lost (Fig.5B-D). This effect is, like in the ventral cord motor neurons, due to ectopic 
expression of bnc-1 in mab-9/TBX20 mutants because: (a) in mab-9; bnc-1 double mutants, unc-
129 expression in SABD is restored (Fig.5B-D) and (b) a bnc-1 reporter gene is derepressed in 
SABD of mab-9/TBX20 mutants (Fig.5E; summarized in Fig.5F). 
 The unc-4/UNCX Prd-type homeobox gene also affects SAB class specification in a 




Specifically, in unc-4/UNCX single mutants, we observe a derepression of unc-129 in SABV 
neurons, suggesting that unc-4/UNCX counteracts unc-3/EBF similarly in SABV neurons as it 
does in ventral cord motor neurons. In addition, we observe a loss of del-1 expression in SABV; 
this appears to be a consequence of derepression of mab-9/TBX20 expression in the SABV 
neurons of unc-4/UNCX mutants, since in unc-4; mab-9 double mutants del-1 expression 
becomes restored (Fig.5B-D; summarized in Fig.5F). Derepression of mab-9/TBX20 in unc-
4/UNCX mutants can also be inferred by the loss of bnc-1 expression in SABVs of unc-4/UNCX 
mutants (Fig.5E). Since mab-9/TBX20 represses bnc-1 in SABD (as described above), we infer 
that the loss of bnc-1 expression in SABV of unc-4/UNCX mutants is a consequence of mab-
9/TBX20 derepression. 
Based on the molecular criteria tested here, we conclude that in the absence of unc-
4/UNCX, the SABV neurons adopt a “mixed” identity. Conversely, the absence of mab-9/TBX20 
results in SABD “mixed” identity. Altogether, we find that the repressor logic we identified by 
probing motor neuron class diversification in the C. elegans ventral nerve cord also operates in 
another anatomical region of the nervous system to generate motor neuron diversity. 
 
2.3.7 Two additional repressors repress the SAB-specific gene glr-4 in ventral cord motor 
neurons 
 Comparing the targets of unc-3/EBF in ventral cord motor neurons and the SAB neurons, 
it is notable that the glutamate receptor (GluR)-encoding gene glr-4 is a target of unc-3/EBF in 
the SAB neurons, but it is not a target of unc-3/EBF in most ventral cord motor neurons, in 
which glr-4 is normally not expressed (Kratsios et al., 2015). Based on all the precedents 




activating glr-4 in ventral cord motor neurons. We did not observe derepression of glr-4 in any 
of the repressor mutants described above (bnc-1, mab-9/TBX20, unc-4/UNCX, unc-55/COUP-
TF, vab-7/EVX; Fig.5N) and we therefore conducted another EMS-induced mutant screen to 
identify possible repressors of glr-4 expression in ventral cord motor neurons. From a screen of 
~1500 haploid genomes, we identified two alleles, ot785 and ot786, in which glr-4 becomes 
derepressed in subsets of ventral cord motor neurons (Fig.5G-I). Specifically, ot785 mutant 
animals showed glr-4::tagrfp derepression in the AS class of motor neurons, while in ot786 
mutant animals, glr-4::tagrfp becomes derepressed in the DA and DB motor neurons (Fig.5G-I). 
Through whole-genome sequencing we found that ot786 animals harbor an early stop codon in 
the first exon of the ARID-type transcription factor cfi-1 (Fig.5J). An independent cfi-1/ARID 
allele, ky651 (Shaham and Bargmann, 2002), displays the same glr-4 derepression phenotype 
and the ot786 mutant phenotype can be rescued with fosmid DNA that contains the cfi-1/ARID 
locus (Fig.5G,I,J). The second allele, ot785 defines a distinct locus; it is a missense mutation in 
the lin-13 gene, a Zn finger transcription factor (Melendez and Greenwald, 2000) (Fig.5K). An 
independent lin-13 allele, n770, displays the same glr-4 depression phenotype (Fig.5H,I,K).  
 Due to its very broad expression and its colocalization and physical association with the 
C. elegans ortholog of heterochromatin protein 1 (HP1), lin-13 is thought to be a general co-
repressor of gene expression (Melendez and Greenwald, 2000; Coustham et al., 2006; Grant et 
al., 2010) and we did not pursue its characterization further. In contrast, cfi-1/ARID was 
previously shown to be expressed in a neuron type-specific manner and to be involved in specific 
neuronal cell fate decisions (Shaham and Bargmann, 2002; Zhang et al., 2014). We investigated 
its expression in ventral cord motor neurons and observed expression in the cholinergic DA, DB, 




AS or VC cholinergic neurons. cfi-1/ARID is also not expressed in the SAB or DA9 neurons, 
where glr-4 is normally expressed (Fig.5L,M). Genetic double mutant analysis shows that the 
derepression of glr-4 expression in ventral cord motor neurons of cfi-1/ARID mutants requires 
unc-3/EBF (Fig.5G,I). As we will show in the next section, cfi-1/ARID counteracts unc-3/EBF in 
a manner similar to the other repressors described above. We note that genes expressed either in 
subsets of cfi-1/ARID-expressing neurons (i.e. acr-5 in DB, VB; del-1 in VA, VB; inx-12 in 
VA,VB) or more broadly (i.e. unc-17 expressed in all cholinergic motor neurons in the ventral 
nerve cord) are not affected in cfi-1/ARID mutants (Fig.5O). We thus conclude that cfi-1/ARID 
targets only genes whose expression is specific to the SAB motor neurons of the retrovesicular 


































Fig.5A: Schematic of SAB motor neurons in the retrovesicular ganglion 
Schematic of SAB motor neurons in the retrovesicular ganglion depicting their relative positions 
and morphology. 
 
Fig.5B: Quantification of repressor mutant effect on SABD-specific unc-129 
Quantification of percentage of SAB motor neurons expressing unc-129 in repressor mutants. In 
the retrovesicular ganglion (RVG), unc-129 expression is specific to SABD and is unc-3-
dependent. This expression is lost in a mab-9 null mutant in a bnc-1-dependent manner, 
indicating that as in DA/DB motor neurons in the ventral nerve cord, mab-9 represses bnc-1 
which in turn represses unc-129 in SABD. Similarly, unc-129 expression in SABD is lost in unc-
4 null mutants. As UNC-4 has been well characterized as a repressor (the e26 allele actually 
disrupts its interaction with the Groucho-like co-repressor UNC-37), this effect is also likely 
indirect, i.e. unc-4 may be repressing an unidentified repressor of unc-129. This repressor is not 
bnc-1 as the bnc-1 null mutant phenotype is not epistatic to that of unc-4. On the other hand, unc-
129 is derepressed in SABVs (albeit incompletely) in unc-4 null mutants in a mab-9-dependent 
manner, indicating that unc-4 represses mab-9 in SABVs. As in SABD, mab-9 is likely exerting 
its effect by repressing bnc-1 which in turn represses unc-129. This predicts that bnc-1 null 
mutants would phenocopy those of unc-4 – which is not the case. A possible explanation for this 
would be that unc-4 independently to, and redundantly with bnc-1 represses unc-129 in SABVs. 
Fischer’s exact tests were performed for all mutant genotypes compared to wildtype; ***p < 






















Fig.5C: Quantification of repressor mutant effect on SABV-specific del-1 
Quantification of percentage of SAB motor neurons expressing del-1 in repressor mutants. In the 
retrovesicular ganglion, del-1 expression is specific to SABVs and is unc-3-dependent. In a mab-
9 null mutant, as in DA/DB motor neurons in the ventral nerve cord, del-1 is derepressed in 
SABD. In unc-4 null mutants, del-1 expression is lost in SABVs in a mab-9-dependent manner, 
again indicating that UNC-4 represses mab-9 in SABVs, which in turn represses del-1. Fischer’s 
exact tests were performed for all mutant genotypes compared to wildtype; ***p < 0.001; n ≥ 20 
for all genotypes. 
 
Fig.5D: Tabulation of repressor mutant effect on SAB class-specific effector genes 
Tabulation of effects of repressor null mutants on class-specific effector genes in SAB motor 
neurons. Red bounding lines highlight changes in effector gene expression in repressor mutants 
















Fig.5E: Expression pattern of endogenous bnc-1 (suppl.) and repressor mutant effect on 
bnc-1 in SAB motor neurons 
Besides VA/VB motor neurons, bnc-1 is also expressed in the male-specific CP7 motor neuron 
and CP8 interneuron in the ventral nerve cord. Additionally, bnc-1 is expressed dimly in SABV 
motor neurons in the retrovesicular ganglion. In the mab-9 null mutant, bnc-1 is derepressed in 
SABD. In the unc-4 null mutant, bnc-1 in SABV motor neurons is lost, presumably due to the 
derepression of mab-9 which otherwise represses bnc-1 (see Fig.5F for genetic model). 
 
Fig.5F: Genetic model of class-specific repressor function in SAB motor neurons in the 
retrovesicular ganglion 
Genetic model depicting the interactions of repressors on class-specific effector genes in SAB 
motor neurons. Why UNC-4 represses mab-9 and unc-129 in SABVs but not SABD may be a 










Fig.5G: cfi-1 mutant effect on 
SAB-specific glr-4 
In the retrovesicular ganglion, the 
transcriptional reporter of glr-4 
(encoding a glutamate receptor) is 
expressed in all three SAB motor 
neurons and is regulated by unc-3. 
In ventral cord motor neurons, glr-
4 expression is largely absent 
(independently corroborated by the 
translational reporter transgene 
akEx32[glr-4::gfp]). In mutants of 
allele ot786 whose causal gene is 
determined to be cfi-1, glr-4 is 
derepressed in DA/DB motor 
neurons in an unc-3-dependent 
manner. This phenotype is 
phenocopied by an independent cfi-
1 null mutant allele, ky651, and is 
rescued by a fosmid containing the 
cfi-1 gene locus. For the latter, 
three independent transgenic lines 
were assessed although only the 
most representative line is shown. 
 
Fig.5H: lin-13 mutant effect on 
SAB-specific glr-4 
In our mutant allele ot785 whose 
causal gene is determined to be lin-
13, glr-4 is derepressed in AS 
motor neurons. This phenotype is 
phenocopied by an independent lin-
13 null mutant allele, n770. 
 
Fig.5I: Quantification of 
Fig.5G,H 
Quantification of number of ventral 
cord motor neurons for glr-4; error 
bars show SD. Unpaired t-tests 
were performed for all mutant 
genotypes compared to wildtype; 




















Fig.5J: Schematic of cfi-1 gene 
locus 
Schematic of cfi-1 gene locus 
depicting its DNA-binding domain 
and mutant allele annotation. 
 
Fig.5K: Schematic of lin-13 gene 
locus 
Schematic of lin-13 gene locus 
depicting its DNA-binding domain 
and mutant allele annotation. Not 
shown are four regulatory 
mutations upstream of lin-13 in the 










Fig.5L,M: Expression pattern of 
cfi-1 fosmid 
cfi-1 is expressed in 
DA/DB/VA/VB/DD/VD motor 
neurons but not in AS motor 
neurons in the ventral nerve cord. 
cfi-1 is also not expressed in SAB 
motor neurons in the retrovesicular 
ganglion or in DA9 motor neurons 

















Fig.5N: Repressor mutant effect 
on SAB-specific glr-4 (suppl.) 
The expression of SAB-specific 
glr-4 is not affected in bnc-1, unc-
4, mab-9, unc-55, and vab-7 null 
mutants. The integrated strain (first 
shown in Fig.5G) is derived from 
the extrachromosomal strain (first 
shown in Fig.6H). Error bars show 
SD; n ≥ 13. 
 
Fig.5O: cfi-1 mutant effect on 
additional effector genes (suppl.) 
The expression of VA/VB-specific 
del-1 and inx-12, DB/VB-specific 
acr-5, and cholinergic unc-17 is not 
affected in cfi-1 null mutants. For 
the latter three, motor neurons in 
the retrovesicular ganglion and 
preanal ganglion were not 





2.3.8 UNC-3/EBF activity is counteracted by repressor proteins through discrete 
repressive cis-regulatory elements 
 To explore the mechanistic basis of the antagonistic effects of the repressors described 
above, we dissected the cis-regulatory control region of the terminal effector genes that are 
expressed in a motor neuron class-specific manner. We focused on four effector genes, the 
TGFβ-encoding unc-129 gene, the DEG/ENaC channel-encoding del-1 gene, the nAChR-
encoding acr-16 gene, and the GluR-encoding glr-4 gene. As described above and summarized 
in Figure 6, unc-129 and acr-16 are repressed by bnc-1 in the VA and VB neurons, del-1 by 
mab-9/TBX20 in DA and DB and redundantly by mab-9/TBX20 and unc-55/COUP-TF in AS, 
and glr-4 by cfi-1/ARID in DA and DB neurons. Moreover, as previously shown, each of these 
class-specific genes requires unc-3/EBF for its expression (Kratsios et al., 2012; Kratsios et al., 
2015).  
 Sequences 5’ to the start codon of these genes all contain UNC-3/EBF binding sites 
(“COE motifs”). Previous work has already demonstrated that the COE motifs in del-1, unc-129, 
and glr-4 are required for expression of these genes (shown again in Fig.6) (Kratsios et al., 2012; 
Kratsios et al., 2015) and mutation of the COE motif in acr-16 demonstrates the same 
requirement for this gene (Fig.6C,D). In addition to the COE motif, we find that each of the four 
effector genes also harbors in relatively close proximity to the COE motif (approximately 
between 15 to 60 bp) predicted binding sites for either of the four presumptive repressor proteins, 
BNC-1, MAB-9/TBX20, UNC-55/COUP-TF and CFI-1/ARID (Fig.6). These binding site 
predictions are based on in vitro-determined binding sites using C. elegans proteins (BNC-1 and 
CFI-1/ARID) or on binding sites determined for orthologs in other species (MAB-9/TBX20 and 




sites results in the predicted derepression of the respective reporter genes. Specifically, mutation 
of the predicted binding site for BNC-1 in the unc-129 5’ upstream region results in derepression 
of unc-129 reporter expression in VA and VB neurons (Fig.6A,B), phenocopying the effect of 
bnc-1 loss on the wildtype unc-129 reporter (Fig.2A,B). Similarly, mutation of the predicted 
BNC-1 binding site in the acr-16 locus also results in ectopic VA and VB expression of the 
reporter (Fig.6C,D). Mutation of the predicted MAB-9/TBX20 binding site in the del-1 locus 
results in derepression in the DA and DB neurons (Fig.6E,F), phenocopying the genetic removal 
of mab-9/TBX20 (Fig.3F,G). Again mirroring the genetic analysis that indicated a redundant 
function for mab-9/TBX20 and unc-55/COUP-TF in repressing del-1 expression in the AS 
neurons (Fig.4A,B), only the deletion of both the MAB-9/TBX20 and UNC-55/COUP-TF sites 
results in del-1 reporter derepression in the AS neurons (Fig.6E,F). Lastly, mutating predicted 
CFI-1/ARID binding sites in the glr-4 cis-regulatory region results in ectopic DA and DB 
expression (Fig.6G,H), as in cfi-1/ARID mutants (Fig.5G,I).  
We conclude that the overall logic in the function of the repressor proteins lies in these 
proteins binding to sites that are in proximity to the UNC-3/EBF binding sites, thereby blocking 
the activating effects that UNC-3/EBF has on the expression of these genes. Removal of either 
the repressor binding site or the factor itself allows UNC-3/EBF to activate its target. Whether 
the repressor proteins block binding of UNC-3/EBF to its cognate site or block the activating 
function of UNC-3/EBF by, for example, preventing its physical interaction with unknown co-

















See Table 2 for more information 
on binding site search and 
mutation. White-filled vertical 
rectangles represent mutated 
binding sites. Expression observed 
in corresponding motor neuron 
class (+); absence of expression (–
); although largely absent, weak 
expression in a small number of 
neurons occasionally observed (^); 
unexpected result to be addressed 
(*). Scale bar = 50 µm. 
 
Fig.6A: Schematic of unc-129 cis-
regulatory region dissection  




transgene first shown in Fig.2A. 
Requirement of the UNC-3-binding 
COE motifs for unc-129 expression 
which is DA/DB-specific has 
previously been reported. A single 
BNC-1 binding site is predicted in 
the 2.6 kbp promoter, sandwiched 
between the two COE motifs. 
When mutated, unc-129 becomes 
derepressed in VA/VB as well as 
AS motor neurons. *Although 
derepression in AS was not 
expected, upon closer inspection, 
the BNC-1 site actually harbors 
two UNC-55 binding site 
consensus motifs with one 
mismatch in each. These two 
repressors may be sharing the same 
site in this case. 
 
 
Fig.6B: Effect of BNC-1 binding site mutation in unc-129 promoter 
DA/DB-specific unc-129 is derepressed in VA/VB as well as AS motor neurons when the BNC-1 
binding site is mutated. del-1
prom
::gfp marks VA/VB motor neurons. Quantification of number of 
ventral cord motor neurons; error bars show SD. Superimposed diagonal stripes indicate dim 
expression. At least three independent transgenic lines were assessed although only the most 
representative line is shown. Unpaired t-tests were performed comparing each line with its 













Fig.6C: Schematic of acr-16 cis-
regulatory region dissection  
Respectively, the 3 kbp GFP and 






transgenes first shown in Fig.2H 
and Fig.4F. A single COE motif 
that is conserved amongst 
Caenorhabditis species is predicted 
in the 3 kbp promoter. When 
mutated, acr-16 expression which 
is DB-specific is lost. A single 
BNC-1 binding site is predicted in 
the 1.8 kbp promoter, which is 
adjacent to the COE motif. When 
mutated, acr-16 becomes 
derepressed in VA/VB as well as 
DA motor neurons. *Derepression 
in DA is unexpected as the BNC-1 
site does not resemble that of 
UNC-4 nor is there an UNC-4 
binding site near that of BNC-1. 
Nonetheless, this result supports 
the notion that effector genes are 
repressed at the cis-regulatory level 
to achieve class specificity. 
 
Fig.6D: Effect of COE motif and 
BNC-1 binding site mutation in 
acr-16 promoter 
DB-specific acr-16 is derepressed 
in VA/VB as well as DA motor 
neurons when the BNC-1 binding 
site is mutated. When the COE 
motif is mutated, acr-16 expression 
is lost. 1.8 kbp reporter image 
repeated from Fig.4F; del-
1
prom
::gfp marks VA/VB motor 
neurons. Quantification of number 
of ventral cord motor neurons; 
error bars show SD. Superimposed 
diagonal stripes indicate dim expression. At least three independent transgenic lines were 
assessed although only the most representative line is shown. Unpaired t-tests were performed 










Fig.6E: Schematic of del-1 cis-
regulatory region dissection  




transgene first shown in Fig.3F. 
Requirement of the COE motifs for 
del-1 expression which is VA/VB-
specific has previously been 
reported. Three MAB-9 binding 
sites are predicted in the 1 kbp 
promoter, of which two are 
adjacent to the COE motif 
proximal to the start codon. When 
these two sites are mutated, del-1 
becomes derepressed in DA/DB 
motor neurons. *Curiously, 
expression in anterior VA/VBs 
(from VA2/VB3 and upward) is at 
times repressed – hinting at finer 
subclass regulation. Moving on; 
four UNC-55 binding sites are 
predicted in this 1 kbp promoter, of 
which two are adjacent to the COE 
motif and the two validated MAB-
9 sites. No derepression is observed 
when all four UNC-55 sites are 
mutated. However, when both 
validated MAB-9 sites and all four 
UNC-55 sites are deleted, del-1 
becomes derepressed in DA/DB as well as AS motor 
neurons. This corroborates our genetic result which showed 
that MAB-9 and UNC-55 redundantly repress del-1 in AS. 
 
Fig.6F: Effect of MAB-9 and UNC-55 binding site 
mutation in del-1 promoter 
VA/VB-specific del-1 is derepressed in DA/DB motor 
neurons when the MAB-9 binding sites are mutated. When 
the UNC-55 binding sites are mutated by themselves, no 
derepression is observed. When mutated together with the 
MAB-9 sites, del-1 becomes derepressed in DA/DB as well 
as AS motor neurons. unc-129
prom
::gfp marks DA/DB motor 
neurons. Quantification of number of ventral cord motor 
neurons; error bars show SD. Superimposed diagonal stripes indicate dim expression. At least 
three independent transgenic lines were assessed although only the most representative line is 
shown. Unpaired t-tests were performed comparing each line with its corresponding non-mutated 















Fig.6G: Schematic of glr-4 cis-
regulatory region dissection  
Schematic of glr-4 cis-regulatory 
region dissection. The 538 bp 
reporter represents the glr-
4
prom
::tagrfp transgene first 
mentioned in Fig.5G. Requirement 
of the COE motif for glr-4 
expression which is SAB-specific 
has previously been reported. Four 
CFI-1 binding sites are predicted in 
the 538 bp promoter. *When the 
two sites flanking the COE motif 
are mutated, glr-4 becomes 
derepressed in DA/DB motor 
neurons, albeit inconsistently. This 
effect is potentiated when all four 
sites are mutated. 
 
Fig.6H: Effect of CFI-1 binding 
site mutation in glr-4 promoter 
SAB-specific glr-4 expression is 
derepressed in DA/DB motor 
neurons when CFI-1 binding sites 
are mutated. Quantification of 
number of ventral cord motor 
neurons; error bars show SD. At 
least three independent transgenic 
lines were assessed although only 
the most representative line is 
shown. Unpaired t-tests were 
performed comparing each line 
with its corresponding non-mutated 
control; ***p < 0.001; *p < 0.05; n 






2.3.9 Repressor proteins are continuously required to counteract UNC-3/EBF activity 
 Are motor neuron class-specific repressors only transiently required to, for example, 
establish a repressive chromatin environment or are they continuously required to prevent 
activation of genes by UNC-3/EBF? We first attempted to test this question with a previously 
described allele of unc-4/UNCX, e2322, shown to be temperature-sensitive for its locomotory 
defects (Miller et al., 1992). However, we found that this allele either had only very modest 
phenotypes at the restrictive temperature (in regard to acr-5 repression) or displayed strong 
defects at both permissive and non-permissive temperatures (in regard to acr-16 repression) 
(Fig.7M). Hence, we generated our own conditional alleles, using an auxin-inducible degron 
(AID) system that can be used to remove proteins in a temporally controlled fashion (Zhang et 
al., 2015). We first used this system to tag the unc-3/EBF locus, using CRISPR/Cas9-mediated 
genome engineering. AID-tagging resulted in a slight reduction of UNC-3/EBF activity, even 
without the addition of auxin; however, post-developmental addition of auxin significantly 
augmented these mild defects, demonstrating that UNC-3/EBF is indeed continuously required to 
maintain gene expression in ventral cord motor neurons (Fig.7A,B).  
 We then used CRISPR/Cas9-mediated genome engineering to tag the endogenous bnc-1 
and mab-9/TBX20 loci with AID. In both cases, we find that continuous treatment with auxin 
results in the expected loss of function phenotypes for the respective loci. Removal of either 
repressor protein at post-developmental stages alone also resulted in derepression of terminal 
effector genes (unc-129 in the case of bnc-1::mng+aid and del-1 in the case of mab-
9::tagrfp+aid) (Fig.7C-I). We conclude that BNC-1 and MAB-9/TBX20 are indeed 





 Conversely, we asked whether genes that are ectopically activated by UNC-3/EBF in the 
absence of BNC-1 and MAB-9/TBX20 can be shut off after late supply of BNC-1 or MAB-
9/TBX20. In other words, do the repressors need to be present during the original activation 
phase or can they exert their effect even after activation has occurred? Using the AID-tagged 
bnc-1 allele, we find that early removal of BNC-1 through supply of auxin results in ectopic 
expression of unc-129 but this ectopic expression can be diminished after the removal of auxin, 
which stabilizes BNC-1 and thereby allows it to counteract UNC-3/EBF-mediated gene 
activation (Fig.7D,E). In conclusion, we have shown that the continuous requirement of 
































Proteins tagged with AID can be 
conditionally degraded when 
exposed to auxin in the presence of 
TIR1. This process is reversible 
upon auxin removal. In our 
experiments, the transgene eft-
3
prom
::tir1 expresses TIR1 
ubiquitously, auxin is introduced 
by transferring the worms onto 
auxin-coated plates, while ethanol 
(EtOH) serves as the solvent 
control. Scale bar = 50 µm. 
 
Fig.7A: Effect of post-
developmental removal of UNC-3 
on effector gene expression 
The continuous requirement of 
UNC-3 to post-developmentally 
maintain unc-129 and del-1 
expression is demonstrated using 
an unc-3 allele where the 
endogenous gene locus is 
translationally fused with AID. 
When young adult worms are 
treated with auxin for 3 d, the 
expression of unc-129 and del-1 in 
ventral cord motor neurons is 
significantly reduced as compared 
to their respective EtOH controls. 
 
Fig.7B: Quantification of Fig.7B 
Quantification of number of ventral cord motor neurons for Fig.7A; error bars show SD. The 
normal function of UNC-3 is likely disrupted by its fusion with AID since a mild mutant 
phenotype is observed even without auxin treatment. Superimposed diagonal stripes indicate dim 
expression. Unpaired t-tests were performed comparing each auxin-treated condition with its 
corresponding EtOH control; ***p < 0.001; n ≥ 13 for all conditions. Data of unc-129 and del-1 

















Fig.7C: Effect of post-
developmental removal of BNC-1 
on unc-129 expression 
The continuous requirement of 
BNC-1 to post-developmentally 
repress unc-129 expression is 
demonstrated using the bnc-1 allele 
where the endogenous gene locus 
is translationally fused with AID, 
first mentioned in Fig.2C. When 
L4 (the developmental stage just 
before entry into adulthood) worms 
are treated with auxin for 1 d, unc-
129 becomes derepressed in 
VA/VB motor neurons. This effect 
is seen within 4 h upon auxin 
treatment and is never observed in 
the EtOH and no-TIR1 controls. 
 
Fig.7D: Effect of post-
developmental restoration of 
BNC-1 on ectopic unc-129 
expression 
The ability of BNC-1 to begin 
repressing unc-129 expression 
post-developmentally is 
demonstrated using the 
abovementioned bnc-1 allele. First-
generation progenies (F1) of 
worms constitutively grown on 
auxin-coated plates phenocopy the 
bnc-1 null mutant phenotype where 
unc-129 is derepressed in VA/VB 
motor neurons. When auxin is 
removed from these F1 worms at 
the L4 stage and replaced with 
EtOH, repression of unc-129 in 
VA/VB is restored after 3 d. This 
effect is not seen in the control 
















Fig.7E: Quantification of 
Fig.7C,D 
Quantification of number of ventral 
cord motor neurons for Fig.7C,D; 
error bars show SD. The normal 
function of BNC-1 is likely slightly 
disrupted by its fusion with AID 
since an extremely mild mutant 
phenotype is observed even 
without auxin treatment. Unpaired 
t-tests were performed comparing 
each experimental condition with 
its corresponding 0 h untreated 
control; ***p < 0.001; n ≥ 13 for 
all conditions. 
 
Fig.7F: Auxin-inducible control 
of BNC-1 expression 
AID-tagged BNC-1 is degraded 
within 1 h upon auxin treatment. 
This effect is not seen in the EtOH 
and no-TIR1 controls. Upon auxin 
removal and replacement with 
EtOH, BNC-1 expression is 













Fig.7G: Effect of post-
developmental removal of MAB-
9 on del-1 expression 
The continuous requirement of 
MAB-9 to post-developmentally 
repress del-1 expression is 
demonstrated using the mab-9 
allele where the endogenous gene 
locus is translationally fused with 
AID, first mentioned in Fig.3C. 
The normal function of MAB-9 is 
likely disrupted by its fusion with 
AID since a mutant phenotype in 
DB is observed even without auxin 
treatment. Nonetheless, when 
young adult worms are treated with 
auxin for 2 d, del-1 becomes 
derepressed in DA motor neurons. 
This effect is not seen in the EtOH 
and no-TIR1 controls. Note that 
this experimental strain is 






transgenes since they are both 
integrated on the same 
chromosome and do not 
recombine. 
 
Fig.7H: Effect of post-
developmental restoration of 
MAB-9 on ectopic del-1 
expression 
F1 worms of the abovementioned 
mab-9 allele constitutively grown 
on auxin-coated plates phenocopy 
the mab-9 null mutant phenotype in 
DA motor neurons where del-1 is 
derepressed. This effect is not seen in the constitutive-EtOH control. When auxin is removed 
from the constitutive-auxin F1 worms at the L4 stage and replaced with EtOH, repression of del-
1 in DB is not restored even after 4 d. Considering the hypomorphic nature of this mab-9 allele, it 
is uncertain if this result is biologically significant or due to technical limitations. 
 
Fig.7I: Quantification of Fig.7G,H 
Quantification of number of ventral cord motor neurons for Fig.G,H; error bars show SD. 
Unpaired t-tests were performed comparing each experimental condition with its corresponding 0 




2.3.10 UNC-3/EBF is required for maintenance of bnc-1 and cfi-1/ARID expression 
 Lastly, we asked how the continuous expression and hence continuous activity of the 
repressor proteins is controlled. As some transcription factors can act as both activators and 
repressors, we first asked whether the repressors we have characterized positively autoregulate 
and hence maintain their own expression. We addressed this question using bnc-1 as a potential 
paradigm and find that maintained VA and VB expression of the bnc-1 5’ regulatory sequences 
is unaffected in bnc-1 mutants (Fig.7N). Since effector genes require UNC-3/EBF for their 
continuous expression (as described above), we then asked whether UNC-3/EBF may also be 
required for continuous expression of the repressor genes. Again using bnc-1 as an example, we 
find that bnc-1 expression is initiated in unc-3/EBF mutant animals in the VA and VB neurons in 
late L1 stage animals, shortly after the birth of these neurons. However, by the fourth larval (L4) 
stage bnc-1 expression has diminished (Fig.7J,L). This requirement of unc-3/EBF for 
maintenance but not initiation of repressor expression also applies to cfi-1/ARID. In unc-3/EBF 
mutants, the cfi-1/ARID fosmid-based reporter is expressed normally in DA and DB neurons at 
the L1 stage but loses its expression at the L4 stage in ventral cord motor neurons (Fig.7K,L). 
These observations indicate that the expression of class-specific repressor proteins is initiated 
independently of the terminal selector that controls motor neuron class specification (unc-
3/EBF), but then requires the motor neuron terminal selector UNC-3/EBF to be maintained in 















Fig.7J: unc-3 mutant effect on 
maintenance of bnc-1 expression 
In the unc-3 null mutant, the 
VA/VB-specific expression of bnc-
1 is observed (albeit less 
consistently) at the L2 stage but is 
lost by the L4 stage. This indicates 
a requirement of UNC-3 to post-
developmentally maintain but not 
to initiate bnc-1 expression. 
VA/VB motor neurons are 
generated at the late L1 stage. L4 
wildtype image repeated from 
Fig.2E. 
 
Fig.7K: unc-3 mutant effect on 
maintenance of cfi-1 expression 
In unc-3 null mutants compared to 
wildtype, cfi-1 expression is 
observed in ventral cord motor 
neurons at the L1 stage but is 
considerably lost by the L4 stage. 
This indicates a requirement of 
UNC-3 to post-developmentally 
maintain but not to initiate cfi-1 
expression. Only DA/DB/DD 
motor neurons have been generated 
by the L1 stage while VA/VB/VD 
motor neurons are generated at the 
late L1 stage. The remaining 
ventral cord motor neurons in the 
unc-3 mutant at the L4 stage are 
presumably the DD/VD motor 
neurons which do not express unc-
3. 
 
Fig.7L: Quantification of 
Fig.7J,K 
Quantification of number of ventral 
cord motor neurons for Fig.7J,K; 
error bars show SD. Unpaired t-
tests were performed compared to 
wildtype; ***p < 0.001; *p < 0.05; 






Fig.7M: Effect of post-
developmental removal of UNC-4 
on acr-16 and acr-5 expression 
(suppl.) 
The temperature-sensitive unc-
4(e2322ts) allele was used to 
evaluate the post-developmental 
requirement of UNC-4 function in 
class-specifically repressing its 
targets acr-16 and acr-5. However, 
even when unc-4(e2322ts) was 
constantly kept at the permissive 
temperature of 15ºC, acr-16 was 
already derepressed to the extent that 
it would in the unc-4(e120) null 
mutant. Conversely, when unc-
4(e2322ts) was constantly kept at the 
restrictive temperature of 25ºC, acr-
5 was not derepressed to the extent 
observed in unc-4(e120). As such 
this allele is not suitable for the 
evaluation of post-developmental 
requirement of UNC-4 function. 
Error bars show SD; n ≥ 13. 
 
Fig.7N: bnc-1 mutant effect on 
VA/VB-specific bnc-1 (suppl.) 
The VA/VB-specific expression 
driven by the bnc-1 promoter is not 
affected in bnc-1 null mutants – 
indicating that bnc-1 does not auto-





2.4 MATERIALS AND METHODS 
 
2.4.1 Mutant strains 
 The C. elegans mutant alleles <strain name> used in this study were: unc-3(e151) 
<CB151>, unc-3(n3435) <MT10785>, unc-3(ot837[unc-3::mng+aid]) <OH13988>, bnc-
1(ot721) <OH14045>, bnc-1(ot763) <OH14044>, bnc-1(ot845[bnc-1::mng+aid]) <OH14070>, 
mab-9(e2410) <CB4605>, mab-9(gk396730) <VC20768>, mab-9(ot720) <OH11850>, mab-
9(ot788) <OH12389>, mab-9(ot863[mab-9::tagrfp+aid]) <OH14357>, unc-55(e402) <CB402>, 
unc-55(e1170) <CB1170>, unc-55(ot718) <OH11837>, unc-4(e26) <NC168>, unc-4(e120) 
<CB120>, unc-4(e2322ts) <NC37>, vab-7(e1562) <CB1562>, cfi-1(ky651) <OS122>, cfi-
1(ot786) <OH12344>, lin-13(n770) <MT8838>, lin-13(ot785) <OH12343>, acr-12(ok367) 
<IZ1225>, and unc-29(kr208[unc-29::tagrfp]) <OH12325>.  
 
2.4.2 Transgenic strains 





































::acr-12+gfp] <IZ1225>, and otIs544[cho-1
fosmid
::sl2::rfp] 
<OH12655>. See Table 3 for information on new transgenic alleles used in this study. The 




GFP just before the stop codon was kindly provided by the C. elegans Transgeneome Project 
(Sarov et al., 2012). Recombineering of the fosmid clone WRM0614dC10 in which the cfi-1 
gene locus was translationally fused with GFP just before the stop codon was performed exactly 
as described in Tursun et al. (2009). 
 
2.4.3 Forward genetic screens 








manually screening for changes in reporter expression in ventral nerve cord motor neurons. 
Automated screening for loss of reporter expression in motor neurons was also performed on 
evIs82B using the Union Biometrica Copas Biosort system (Doitsidou et al., 2008). To identify 
the causal genes of the mutant alleles obtained, Hawaiian single nucleotide polymorphism (SNP) 
mapping and whole-genome sequencing (Doitsidou et al., 2010) were performed followed by 
data analysis using the CloudMap pipeline (Minevich et al., 2012). In addition to those reported 
in the Results section, mutant alleles of the following genes were also identified: unc-3(ot722), 
unc-3(ot789), and ref-2(ot762). 
  
2.4.4 Targeted genome modification 
 The CRISPR/Cas9-mediated modification of the genome to, separately, translationally 
fuse the unc-3, bnc-1, and mab-9 gene loci with a fluorescent reporter protein followed by the 
auxin-inducible degron just before the stop codon was performed exactly as described in 





2.4.5 Bioinformatic analysis 
 The binding sites of UNC-3, BNC-1, MAB-9, UNC-55, and CFI-1 were predicted using 
FIMO (Find Individual Motif Occurrences; Grant et al., 2011), which is one of the motif-based 
sequence analysis tools of the MEME (Multiple Expectation maximization for Motif Elicitation) 
bioinformatics suite (http://meme-suite.org). See Table 2 for the sources of position weight 
matrices (PWM) of binding site consensus motifs used in this study. Many of these PWMs are 
catalogued in the CIS-BP (Catalog of Inferred Sequence Binding Preferences) database 
(Weirauch et al., 2014; http://cisbp.ccbr.utoronto.ca). For each analysis, the p-value threshold 
was set at < 0.001 and gradually decreased to increase the search stringency until the fewest 
number (but not zero) of predicted binding sites was obtained. Sequence conservation amongst 
Caenorhabditis species was assessed using the C. elegans BLAT (Basic local alignment search 
tool-Like Alignment Tool; Kent, 2002) search tool of the UCSC (University of California, Santa 
Cruz) Genome Browser bioinformatics suite (http://genome.ucsc.edu). 
 
2.4.6 Temporally controlled protein degradation 
 Conditional protein depletion using the auxin-inducible degradation system in C. elegans 
was first reported by Zhang et al. (2015). AID-tagged proteins are conditionally degraded when 
exposed to auxin in the presence of TIR1. To generate the experimental strains, conditional 
alleles of unc-3(ot837[unc-3::mng+aid]), bnc-1(ot845[bnc-1::mng+aid]), and mab-
9(ot863[mab-9::tagrfp+aid]) were independently crossed with ieSi57[eft-3
prom
::tir1] which 
expresses TIR1 ubiquitously. The natural auxin, indole-3-acetic acid, was dissolved in ethanol to 
prepare 400 mM stock solutions which were stored at 4°C for up to one month. NGM (Nematode 




stock solution to a final concentration of 4 mM and allowed to dry overnight at room 
temperature. To induce protein degradation, worms of the experimental strains were transferred 
onto the auxin-coated plates and kept at 20°C. To reverse the process by removing auxin or as 
controls, worms were transferred onto ethanol-coated plates instead. Auxin solutions, auxin-
coated plates, and experimental plates were shielded from light. 
 
2.4.7 Microscopy 
 Worms were anesthetized using 100 mM sodium azide (NaN3) and mounted on 5% 
agarose pads on glass slides. Images were acquired as Z-stacks of ~1 µm-thick slices with the 
Micro-Manager software (Edelstein et al., 2010) using the Zeiss Axio Imager.Z1 automated 
fluorescence microscope. Images were reconstructed via maximum intensity Z-projection of 2-
10 µm Z-stacks using the ImageJ software (Schneider et al., 2012). 
 
2.4.8 Motor neuron class identification 
 The class(es) of fluorescently labeled motor neurons were identified based on 
combinations of the following factors: (a) co-localization with or exclusion from another reporter 
transgene of known class-specific expression, (b) stereotypic positional pattern, either along the 
ventral nerve cord/within the retrovesicular ganglion, or relative to other motor neuron classes, 
(c) axonal morphology, (d) developmental stage of generation, (e) number, and (f) size. 
 
2.4.9 Statistical analysis 
For graphs of quantification data shown in all figures, values for those with error bars are 




tailed). For graphs without error bars, values are expressed as percentage (%) and statistical 
analyses were performed using Fisher’s exact test (two-tailed). Calculations were performed 
using the GraphPad QuickCalcs online software (http://www.graphpad.com/quickcalcs/). 





















































(allow 1 mismatch) 
SELEX; 





             (24 bp deletion) 
5 other species 
M. musculus 
Tbx20 (MAB-9)   
PBM; 
Weirauch 
et al. (2013) 
GAAGTGTGAA 
↓ 
(24 bp deletion) 
5 other species 
H. sapiens 
TBX20   
SELEX;  




(24 bp deletion) 




(allow 2 mismatches) 
SELEX; 
Macindoe 
 et al. (2009) 
del-1 
       (i) AAATGTGAAACG 
↓ 
AAAACCCCCTTT 




Shen et al. 
(2011) 
del-1 
      (ii) ACTTGATGAAAG 
↓ 
ACTTCCCCCCCC 












(allow 1 mismatch)  
Reviewed in 
Van Gilst 





5 other species 
del-1 
   (i) TGAACT 
↓ 
CCCACT 
2 other species 
  (ii) TGCCCT 
↓ 
TTTAAA 
1 other species 
M. musculus 
Nr2f1 (UNC-55)  
PBM; 
Weirauch 
et al. (2013) 
del-1 
 (iii) GTGCCCTT 
↓ 
GCAAAACT 
0 other species 
 (iv) ATGACCTG 
↓ 
AGTTTTGG 
0 other species 
M. musculus 
Arid3a (CFI-1)  
ChIP-seq; 
Rhee et al. 
(2014) 
glr-4 
    (i) ATTTTTAT 
↓ 
(28 bp deletion) 
3 other species 
C. elegans 
CFI-1   
PBM; 
Weirauch 
et al. (2014) 
glr-4 
  (ii) TTTGATAT 
↓ 
              (8 bp deletion) 
6 other species 
  (iii) TTTGATTG 
↓ 
(8 bp deletion) 
6 other species 
  (iv) TTTGATTT 
↓ 
(14 bp deletion) 
5 other species 
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5'-end 3'-end 5'-end 3'-end 
OH12514-5 otEx5665-6 bnc-1::sl2::rfp -1865 +1368 
  














::mcherry -558 -336 
   
OH4434 otEx2543 unc-8
prom
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DISCUSSION AND FUTURE PERSPECTIVES 
 The work in this dissertation was focused on addressing how the myriad types and 
subtypes of neurons are generated to form complex nervous systems – a question that has 
intrigued scientists for more than a hundred years. Pioneering research undertaken to elucidate 
how individual nervous subsystems, e.g. the retina, cerebral cortex, and spinal cord, achieve their 
neuronal diversity has immensely enriched our understanding of such processes during early 
development (Greig et al., 2013; Stifani, 2014; Stenkamp, 2015). These studies have revealed 
common strategies that are repeatedly deployed in different anatomical regions. In brief, 
differential concentrations of morphogens induce the expression of unique combinations of 
transcription factors which often cross-repress those in neighboring cell populations to sharpen 
the border of their expression domain. Each of these transcription factor codes then switches on 
unique transcriptional cascades that give rise to progenitor cells which eventually lead to the 
generation of distinct neuron types. Towards the end of these transcriptional cascades, less is 
known about how terminal identity is acquired and continually maintained – important aspects of 
neuronal specification since virtually all neurons function for the entire lifetime of the organism 
and never turn over. In this regard, studies in C. elegans and also a few neuron types in 
vertebrates such as dopaminergic neurons, serotonergic neurons, and photoreceptors have 
demonstrated that terminal identity acquisition and maintenance are mediated by terminal 
selectors. Simply put, a terminal selector is a transcription factor that directly co-regulates a 
unique plethora of effector genes whose products confer distinct morphological and functional 




type identity and is maintained by the continuous presence and function of the terminal selector 
often via auto-regulation (Hobert, 2011; Deneris and Hobert, 2014; Hobert, 2016). 
Neurons of the same type (e.g. cholinergic motor neurons in C. elegans and 
dopaminergic, serotonergic, or photoreceptor neurons in vertebrates) as specified by a terminal 
selector can in fact be composed of several individual subtypes (Jensen et al., 2008; Kratsios et 
al., 2012; Poulin et al., 2014; Enright et al., 2015; Kratsios et al., 2015; Okaty et al., 2015). 
These neuron subtypes are individually defined by a unique combination of effector gene 
expression which, interestingly, is also controlled by the terminal selector that controls features 
shared by all neurons of the same type. This immediately poses the question: How does a 
common terminal selector control both shared as well as subtype-specific gene expression? We 
studied this problem in the cholinergic motor neurons of the C. elegans ventral nerve cord as a 
paradigm of the neuron diversification process. Using forward genetic screens and a candidate 
gene approach, we found seven transcriptional repressor genes whose respective mutations cause 
various motor neuron class-specific effector genes to be derepressed ectopically in other motor 
neuron classes (summarized in Figure 6). These derepression phenotypes are dependent on the 
terminal selector of the class-specific effector genes, UNC-3/EBF, and were observed in two 
anatomically distinct regions of the worm. Molecular dissection of the cis-regulatory regions of 
the effector genes revealed that the repressor proteins function by counteracting UNC-3/EBF 
activity via repressor binding sites proximal to those of the terminal selector. By tagging the 
repressor proteins with inducible degrons using CRISPR/Cas9-mediated genome modification, 
we were also able to show that post-developmental degradation of these repressors causes the 




In addition, we also noted that the maintenance but not initiation of the expression of these 
repressor genes are dependent on UNC-3/EBF.  
In this chapter, I will discuss and highlight the interesting concepts as well as significance 
of our discovery. I will also pinpoint important questions that this study raises and provide some 
future perspective on our new findings.  
 
3.1 Key features of motor neuron diversification via selective repression of terminal 
selector target effector genes 
We have described here a coherent theme for cholinergic motor neuron class 
diversification in the ventral nerve cord of C. elegans. Analyzing five distinct cholinergic motor 
neuron classes, we described the function of seven distinct class-specific repressor proteins that 
counteract the activity of the broadly acting, master-regulatory terminal selector UNC-3/EBF to 
sculpt class-specific gene expression programs. This regulatory theme of selective repression of 
terminal selector target effector genes features several important characteristics (schematized in 
Figure 7; simplified in Figure 8). (a) Unique, class-specific combinations of these repressor 
proteins endow individual motor neuron classes with specific molecular features that define their 
specific properties. (b) At least some and perhaps all of the repressor proteins function by 
directly repressing effector genes that are normally expressed in other motor neuron classes. (c) 
At the cis-regulatory level of the effector genes, these transcriptional repressor proteins act in 
parallel when opposing the transcriptional activity of the common terminal selector. (d) The 
specificity of expression of an effector gene thus depends on the unique combination of 
transcriptional repressor binding sites located in proximity to the effector gene locus. (e) 




and function of these repressor proteins in addition to the terminal selector. Therefore, the motor 
neuron classes of animals lacking gene activity for any of the seven transcriptional repressors 
described would display a “mixed” molecular identity, which is perhaps reflective of a more 
ancient motor neuron “ground state”. 
A number of repressor proteins have been previously shown to be involved in neuronal 
patterning and specification in vertebrate and invertebrate nervous systems. However, their 
mechanism of action has been mostly left unclear, particularly in regard to their target effector 
genes, their interaction with gene activators (whose activity they must antagonize), and their 
timing of action. For instance, in the vertebrate ventral neural tube during early development, 
homeodomain transcription factors (e.g. NKX6.1 and NKX6.2) control the specification of 
different populations of progenitor cells, one of which gives rise to motor neurons. These factors 
function as transcriptional repressors since the conserved EH1 domains that they possess which 
recruits Gro/TLE co-repressors are crucial for their neuronal patterning function (Muhr et al., 
2001; Vallstedt et al., 2001). Another homeodomain transcription factor, MNR2, has also been 
shown to exert its postmitotic motor neuron specification function as a repressor, likely via a 
protein domain that recruits CTBP co-repressors (William et al., 2003). The mode by which 
these homeodomain repressors specify neuronal fates is through the gene repression of other 
transcriptional repressors to allow for the expression of downstream fate determinants, i.e. a 
derepression strategy. The action of these repressors on terminal effector genes that ultimately 
define neuronal identity, their interaction with transcriptional activators, and their temporal 
requirement post-development are however largely unknown. Similarly, HOX proteins of 
different paralog groups acting as repressors to mutually cross-repress have been shown to be 




Interestingly, HOX proteins possess dual intrinsic functions as they also act as activators when 
switching on motor neuron subtype specification programs. Downstream of these programs 
though, only a handful of intermediate transcription factor targets have been characterized, while 
little is known about the terminal effector gene targets of HOX proteins in motor neurons (Dasen 
and Jessell, 2009; Jung et al., 2010). As yet another example, in invertebrates, UNC-4/UNCX 
acts as a repressor in the VA class of ventral nerve cord motor neurons to prevent the adoption of 
VB-specific features (Pflugrad et al., 1997; Winnier et al., 1999). However, whether such 
repressor logic represented a common theme operating throughout all C. elegans motor neuron 
classes was uncertain, and on a mechanistic level it was unclear how transcriptional repressors 
interact with activators to shape motor neuron class-specific gene expression. Through our 
analysis of the cis-regulatory control regions of a number of class-specific effector genes, we 
reveal that these genes integrate both positive regulatory input from the terminal selector UNC-
3/EBF and negative inputs from the class-specific repressors (Figure 7). This stands in striking 
contrast to the mode of regulation of shared effector genes (e.g. acetylcholine pathway genes) 
expressed in all motor neuron classes, which require only positive regulatory input via the 
terminal selector and perhaps other, yet to be identified positive co-regulators. 
 One important aspect of our findings is that repressor proteins that restrict gene 
expression in a neuron subtype-specific manner are continuously required to maintain the 
repressed state throughout the life of the respective neuron subtypes. Since almost all neurons 
never turn over, such a maintenance process is essential in safeguarding the subtype identity of a 
neuron to ensure that it is always able to perform its intended specialized role. It has only been 
appreciated during the past few years that transcriptional activators acting as terminal selectors to 




activation and hence neuronal identity (Deneris and Hobert, 2014). We corroborate this notion 
here for the terminal selector UNC-3/EBF by inducing its protein degradation post-
developmentally and showing that the UNC-3/EBF-dependent expression of class-specific 
effector gene targets is consequentially lost. Using the same approach, we then go on to 
demonstrate that at least some, and based on their continuous expression likely all repressor 
proteins that counteract UNC-3/EBF are also continuously required to repress their target 
effector genes in a class-specific manner. As such, these repressor proteins can themselves be 
thought of as terminal selectors in specifying and maintaining motor neuron class identity. The 
class identity of a motor neuron is hence determined not just by a terminal selector acting as an 
activator, but by a specific cocktail of terminal selectors of which one functions as an activator 
while the rest as class-specific repressors. Other scenarios of identity maintenance would have 
been possible too; for example, the repressor proteins could establish a chromatin state that 
prevents UNC-3/EBF from activating its target effector genes and the repressor activity could 
then become superfluous after the initiation event (Holmberg and Perlmann, 2012). However, as 
our conditional repressor alleles show, this does not appear to be the case – underscoring the 
significance of the terminal selector concept for neuron identity maintenance. 
 
3.2 Molecular mechanism and functional consequence of selective effector gene 
repression 
How exactly do the class-specific transcriptional repressors described here counteract 
UNC-3/EBF activity is not clear. Although we did not delve into this question in our study, the 
molecular mechanism by which a few of these repressor proteins work can be inferred from 




perhaps the best studied in C. elegans. As previously mentioned, UNC-4/UNCX acts as a 
repressor protein to prevent the acquisition of VB-specific traits in the VA class of ventral nerve 
cord motor neurons. This repressor action has been shown to be mediated by the interaction of 
UNC-4/UNCX via its EH1 domain with the C. elegans Gro/TLE co-repressor ortholog, UNC-37 
(Pflugrad et al., 1997; Winnier et al., 1999). In fact, the unc-4(e26) mutant allele that we used in 
this study harbors a mutation in the EH1 domain which likely disrupts the protein-protein 
interaction between UNC-4/UNCX and UNC-37. Although the molecular mechanism by which 
the T-box transcription factor MAB-9/TBX20 functions has yet to be characterized, this 
repressor protein also possesses an EH1 domain and thus could potentially be transcriptionally 
repressing its targets via the recruitment of UNC-37 as well (Copley, 2005). Indeed, the EH1 
domain of the fly MAB-9/TBX20 ortholog, Midline, has been demonstrated to bind the Groucho 
co-repressor in vitro and to be required for the repressor activity of Midline in vivo (Formaz-
Preston et al., 2012). Similarly, TBX20 which is important for heart development in vertebrates 
binds TLE co-repressors via its EH1 domain and mutation of this domain abrogates the in vivo 
repressor function of TBX20 (Kaltenbrun et al., 2013). Downstream of their recruitment, while 
little is known about the exact mechanism, it is believed that UNC-37/Gro/TLE co-repressors 
switch off transcription either by directly modifying chromatin, interacting with histone 
deacetylases, or even binding to the core transcriptional machinery (Jennings and Ish-Horowicz, 
2008). The BNC-1 repressor protein also contains a binding motif for a co-repressor, specifically 
that of CtBP which is thought to repress transcription by recruiting modifying factors that 
deacetylate, methylate, or demethylate histones, or that SUMOylates the recruiting transcription 
factors (Chinnadurai, 2007). Such a binding motif is also present in the fly BNC-1 ortholog, 




molecular mode of UNC-55, VAB-7, and CFI-1 function is a lot less clear as no obvious co-
repressor-binding motif has been identified in their amino acid sequence. 
All transcriptional repressors reported here sculpt the expression of class-specific effector 
genes whose protein products are continuously operating in a mature motor neuron (e.g. ion 
channels, neurotransmitter receptors, and cytoskeletal structural proteins). However, the impact 
of these repressor proteins on features that are programmed earlier during the differentiation of 
motor neurons, namely their axonal trajectories and synaptic specificity, are more varied. UNC-
4/UNCX ensures the specificity of synaptic formation of the VA class motor neurons since in 
unc-4/UNCX mutant animals, VA motor neurons do not receive their normal presynaptic inputs 
but are instead ectopically innervated by inputs usually reserved for the VB class. In terms of 
behavior, because VA (together with DA) motor neurons are responsible for backward 
locomotion, this presynaptic input defect causes unc-4/UNCX mutant worms to be unable to 
reverse (White et al., 1992; Winnier et al., 1999). On the other hand, the homeobox transcription 
factor VAB-7/EVX is crucial for correctly instructing the direction of axonal projections; in vab-
7/EVX mutants, the axons of DB motor neurons running along the dorsal nerve cord project 
anteriorly instead of the usual posterior direction. Since DB (together with VB) motor neurons 
enable forward locomotion in worms, vab-7/EVX mutants display phenotypic defects in forward 
movement (Esmaeili et al., 2002). The molecular effectors underlying the UNC-4/UNCX-
dependent synaptic input specificity and the VAB-7/EVX-mediated axonal directionality are 
currently unknown. 
We have explored whether bnc-1 or mab-9/TBX20 deficiencies affect cholinergic motor 
neurons in terms of their axonal migration as well as pre- and postsynaptic formations via dyadic 




any obvious defects, indicating less of a role for BNC-1 and MAB-9/TBX20 in dictating such 
features of axonal projection and synaptogenesis which are presumably controlled by earlier 
acting factors. In Drosophila, so-called “morphology transcription factors” have been identified 
which specifically control only morphological traits but not other molecular identity features of 
specific motor neuron classes. Precise morphological aberrations affecting dendritic arborization 
and muscle targeting as well as highly distinct walking defects were observed when the activity 
of such transcription factors was individually removed. When the expression of several factors 
was simultaneously modified, complete transformations of motor neuron morphologies were 
produced (Enriquez et al., 2015). These morphology transcription factors may have counterparts 
in C. elegans as well. How these as yet unidentified factors intersect with UNC-3/EBF and class-
specific repressor function, if they intersect at all, is presently a mystery. Behaviorally, in 
addition to mutant animals of unc-4/UNCX and vab-7/EVX, those of MAB-9/TBX20, UNC-
55/COUP-TF, and cfi-1/ARID (but not bnc-1) also display locomotory defects of varying 
severity. However, at this point, these mutant phenotypes cannot be unambiguously attributed to 
the function of these transcriptional repressors in cholinergic motor neurons since the repressors 
are also expressed in the GABAergic motor neurons in the ventral nerve cord and elsewhere. 
Further experiments to study these repressors in a class-specific manner will help to clarify their 
roles in cholinergic motor neuron classes and locomotion. 
  
3.3 Extent and conservation of neuron diversification via selective repression   
 We have shown here that the logic of selective repression by class-specific repressors of 
terminal selector-mediated gene activation also applies to the molecular diversification of motor 




retrovesicular ganglion. Several class-specific repressor and effector genes in the ventral nerve 
cord are also expressed in the SAB motor neurons in a class-specific manner. In fact, BNC-1 and 
MAB-9/TBX20 seem to function in the retrovesicular ganglion the same way that they do in the 
ventral nerve cord; MAB-9/TBX20 represses bnc-1 and del-1, while BNC-1 represses unc-129 in 
turn. UNC-4/UNCX however functions differently as it appears to repress mab-9/TBX20 and 
unc-129 in the SAB motor neurons but does not do so in ventral nerve cord motor neurons. This 
indicates that there could be more regulatory factors involved which set this repression network 
in the retrovesicular ganglion apart from that in the ventral nerve cord, further diversifying both 
subsystems. 
Cholinergic motor neuron classes located in yet different neuronal ganglia in the C. 
elegans nervous system and controlled by terminal selector genes other than unc-3/EBF face a 
similar diversification problem. For example, the homeobox gene unc-42 controls the identity of 
the six RMD motor neurons (Pereira et al., 2015) and the POU homeobox gene unc-86 controls 
the identity of the four URA motor neurons (Zhang et al., 2014). Like the SAB, the RMD and 
URA motor neurons can be subdivided into dorsal and ventral classes based on molecular and 
anatomical criteria. Perhaps in these cases, the terminal selector-type activity of UNC-42 and 
UNC-86 is also counteracted in a motor neuron class-specific manner by yet to be identified 
transcriptional repressors. The repression logic does apply to non-cholinergic motor neurons. In 
the GABAergic VD class, it has been reported that UNC-55/COUP-TF counteracts the ability of 
the DD and VD motor neuron terminal selector UNC-30 from inducing DD class-specific genes 
in VD motor neurons (Shan et al., 2005). However, as there are only two classes of GABAergic 




specific repressors could only be appreciated in the cholinergic motor nervous system which 
consists of more than two classes, as we have demonstrated.  
Whether the repressor logic that involves selective repression of terminal selector targets, 
as defined here, may also apply to vertebrate neuron subtype diversification remains to be fully 
investigated. In progenitor fate specification, it has indeed been previously suggested that 
progenitor diversity is generated by the intersection of a broad activating input (mediated by 
SOX) with progenitor-specific repressor proteins (Nishi et al., 2015). There are reasons to 
believe that diversification of vertebrate postmitotic neuron subtypes may follow a similar logic 
since instances of selective repression of terminal selector targets to define subtype-specific 
effector gene expression have been reported in a few subsystems. Midbrain dopaminergic 
neurons are specified by the terminal selector NURR1, but its effect on select target genes 
appears to be antagonized by the subtype-specific homeobox protein OTX2. Specifically, OTX2 
is responsible for restricting the dopaminergic neuron subtype-specific expression of NURR1 
targets, Girk2 and Dat (Di Salvio et al., 2010). Similarly, in the glutamatergic photoreceptor 
system, NR2E3 antagonizes the activity of the photoreceptor terminal selector CRX in rods to 
repress the expression of cone-specific genes (Peng et al., 2005). However, in both cases, it is 
not clear whether repression of effector genes is direct or if continuous repressor activity is 
required. Nonetheless, these examples point to the likelihood that the same principle of selective 
repression of terminal selector target effector genes might be applied to diversify neuron 
subtypes in vertebrates as well. 
 
3.4 Selective terminal selector target repression – what’s next? 




specific expression of the regulatory factors underlying the motor neuron diversification process 
that we have uncovered here is established. First and foremost, what activates the terminal 
selector gene unc-3/EBF? We postulate that the intersectional expression of early transiently 
acting factors and their combined effect sets up a transcriptional program which eventually turns 
on unc-3/EBF. This program likely has an auto-regulatory feature since unc-3/EBF does not 
positively auto-regulate to maintain its own expression, unlike many other terminal selectors that 
have been previously described (Hobert, 2016). Secondly, how do the transcriptional repressors 
themselves acquire their class-specific expression pattern? We and others have shown that a few 
of these repressor proteins repress the expression of other repressor genes, possibly forming a 
hierarchical network as there is currently no evidence of them cross-repressing each other. For 
example, MAB-9/TBX20 directly represses bnc-1 in DA/DB motor neurons, VAB-7/EVX 
represses unc-4/UNCX in DB motor neurons (Esmaeili et al., 2002), while UNC-4/UNCX 
represses mab-9/TBX2 in SABV motor neurons. Higher up the hierarchy of the repressor 
network, we propose there to be an activator whose class-specific expression is not restricted via 
hierarchical repression. We have provided evidence that only the maintenance but not the 
initiation of class-specific repressor expression is dependent on UNC-3/EBF. It is thus possible 
that the initiation factor plays the role of such an activator. Since all motor neuron classes derive 
from distinct cell lineages, we hypothesize that each lineage has its own set of earlier acting cues 
and signals that will turn on the initiation factors of repressor genes in a class-specific manner. 
The discovery of these upstream factors and their regulatory logic and mechanism will further 
enhance our understanding of how distinct neuronal identities are specified. 
The complete unraveling of developmental processes that generate specific types and 




but could also greatly advance our attempts at manipulating cell fates to precisely generate 
neurons of our desired identities, either to model diseases in the lab or to treat debilitating human 
conditions. Within the past few decades, scientists have successfully converted stem cells into a 
gamut of differentiated cells of numerous types and subtypes – and vice versa to generate 
induced pluripotent stem cells (iPSC). Chief amongst the methodologies employed in these 
efforts is the introduction of unique cocktails of transcription factors to directly reprogram cells 
of a specific fate into those of another (Ninkovic and Gotz, 2015). For instance, the induced 
expression of the transcription factors NGN2, ISL1, and either LHX3 or PHOX2A is sufficient 
to directly program mouse embryonic stem cells into motor neurons of, respectively, spinal or 
cranial identity. This protocol generates motor neurons of the appropriate molecular and 
electrophysiological properties through a process that obviates the need for early morphogen 
signaling and bypasses the progenitor stage (Mazzoni et al., 2013). Such an approach is only 
possible with the knowledge of the molecular mechanism and regulatory logic that underlie 
motor neuron development; therefore the deeper our understanding of neurodevelopmental 
pathways, the better our optimization strategy of neuron reprograming (Davis-Dusenbery et al., 
2014). We believe that the recent advent of single-cell transcriptome profiling will significantly 
refine the resolution at which neuron subtypes can be defined and hence molecularly dissected in 
terms of their specification especially at the terminal differentiation level. It would be interesting 
to see then if selective repression of terminal selector target effector genes indeed is a general 
principle (Figure 8). We hope that our findings will provide a conceptual framework upon which 
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Figure 8: Schematic of general principle of neuron diversification via selective repression of effector genes 





Figure 6: Summary table of repressor mutant effects 
Tabulation of effects of repressor null mutants on class-specific effector genes in ventral cord 
motor neurons. Only derepression effects compared to wildtype are shown within red bounding 
rectangles. Red crosses indicate absence of a repressor in its null mutant. The hypothetical 
combined effects of all repressor null mutants predict the loss of the unique combinations of 
class-specific effector genes which define motor neuron classes, leading to the loss of motor 
neuron diversity (compare the first and last tables bounded by blue margins). Further studies 
should reveal the expression profile of lin-13 and uncover additional factors repressing acr-16, 
acr-5, lgc-36, and inx-12 in AS as well as glr-4 in VA/VB motor neurons, perhaps redundantly 
with the repressors reported in this study that repress these genes in other motor neuron classes. 
 
Figure 7: Schematic of selective repression of terminal selector target effector genes 
Model depicting the transcriptional activity of a broadly acting terminal selector of neuron 
identity (e.g. UNC-3 specifying cholinergic motor neurons) being counteracted upon by subtype-
specific repressors (e.g. the repressors uncovered in this study) at the target effector gene level 
(circles represent effector genes – black- and grey-filled circles indicate that the gene, 
respectively, is and is not expressed; colored rectangles above the circles represent cis-regulatory 
binding sites of trans-acting factors) to generate unique combinations of effector genes which 
specify distinct neuron subtypes. We propose that this strategy may constitute a general principle 
of neuron identity diversification. Our model highlights several important features: 
(i) the subtype-specific repressors counteract in parallel the transcriptional activity of the 
broadly acting terminal selector 
(ii) each subtype possesses a unique combination of repressors to control the unique effector 
gene profile that defines the subtype identity 
(iii) repressors work via cognate binding motifs adjacent to the activator motif within the cis-
regulatory region of the effector gene 
(iv) the subtype-specific expression of an effector gene is determined by its combination of 
repressor binding motifs 
(v) the continuous presence of these trans-acting factors are required to maintain subtype 
identity throughout the lifetime of the neuron. 
 
Figure 8: Schematic of general principle of neuron diversification via selective repression 
of effector genes 
Model simplified from Figure 7 depicting the transcriptional activity of a broadly acting 
terminal selector of neuron identity (A) being counteracted upon by subtype-specific repressors 
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